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ABSTRACT OF THE DISSERTATION 

 

Simultaneously inhibiting multiple nutrient acquisition pathways using synthetic 

sphingolipid compounds 

By 

Seong Min Kim 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine 2016 

Dr. Aimee L. Edinger, Chair 

 

Despite the advances in therapeutics targeting key players that drive cancer metabolism, clinical 

benefits of these therapies have been limited.  As tumors consist of heterogeneous population 

of cells, targeting a specific oncoprotein may provide selective advantage to cancer cells that 

are not driven by that oncoprotein.  Also, upregulation of anabolic pathways that are not being 

directly targeted may also contribute to development of resistance to the therapy.  Instead of 

focusing on a specific metabolic protein, our lab is interested in striking cancer metabolism at its 

apex—cancer cells’ dependence on nutrients.   To fuel constitutive anabolism and proliferation, 

cancer cells must have influx of nutrients.  When nutrients become limiting, unlike non-

transformed cell that can discontinue anabolic processes and become quiescent, cancer cells 

undergo metabolic chaos as oncogene-driven growth signals continue to force anabolism.  

Developing a therapy against this cancer-specific phenotype will have efficacy against broad 

classes of cancers as all cancers need nutrients to survive.  In searching for a compound that 

can inhibit nutrient uptake, our lab has been focusing on sphingolipids, a class of bioactive lipid 

that plays important roles in cellular functions including membrane biology.  In yeast, stress-

induced nutrient transporter down-regulation is regulated by sphingolipid phytosphingosine.  

Sphingolipid ceramide down-regulates nutrient transporters in mammalian cells.  A sphingolipid-
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derived compound FTY720 is also able to trigger surface amino acid and glucose transporter 

loss.  FTY720, an FDA-approved drug for treatment of multiple sclerosis, has anti-cancer 

activities in a various cancer models.  Unfortunately, FTY720 causes bradycardia at the doses 

needed for anti-neoplastic effects.  However, mechanism by which FTY720 kills cancer cells is 

completely separate from its effect on heart rate.  SH-BC-893 is a constrained analog of 

FTY720 that lacks its dose-limiting side effect but retains anti-neoplastic activities.  SH-BC-893, 

like ceramide and FTY720, down-regulates surface nutrient transporters.  In addition, SH-BC-

893 induces cytoplasmic vacuolation secondary to mis-localization of lipid kinase PIKfyve.  This 

blocks lysosomal degradation of autophagosomes and macropinosomes, alternate nutrient 

acquisition pathways cancer cells can use to adapt to nutrient stress triggered by loss of surface 

nutrient transporters.  LDL receptors are also down-regulated and LDL degradation is blocked 

by SH-BC-893.  Prostate cancers rely heavily on LDL uptake for growth and proliferation and 

are thereby very sensitive to SH-BC-893.  Surprisingly, prostate cancer cells are resistant to 

amino acid and glucose withdrawal.  Our ongoing works have uncovered that this is because 

PTEN loss in prostate cancers upregulates macropinocytosis.  This previously-unappreciated 

macropinocytosis in prostate cancers requires AMPK activation.  Our works demonstrate that 

prostate cancer cells can use macropinocytosis to consume necrotic debris to build protein 

biomass and lipid storage to survive and proliferate in low nutrient environment.  These findings 

highlight cancer cells’ addiction to nutrients and offer insights into therapeutic opportunities for 

targeting this Achilles’ heels of cancer metabolism.  SH-BC-893 prevents cancer cells from 

using nutrients taken up via macropinocytosis by inhibiting lysosomal degradation of 

macropinosomes.  By simultaneously blocking import and lysosomal degradation of nutrients, 

this water soluble and orally bioavailable compound effectively starves cancer cells to death.  

Future investigations will help further fine-tune SH-BC-893 into a safe and effective anti-cancer 

agent that can overcome the problems of tumor heterogeneity and adaptive resistances seen 

with current metabolic therapies. 



 

 

INTRODUCTION 
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I. Cancer cells are addicted to nutrients. 

Cancer cells must have continuous influx of nutrients in order to support macromolecular 

synthesis needed for oncogene-driven growth and proliferation (1–6).  In order to fuel the 

various anabolic processes, cancer cells undergo an active metabolic reprogramming (7,8).  

One of the essential metabolic rewiring cancer cells undergo is upregulation of nutrient 

acquisition pathways.  Four major nutrient uptake pathways increased in cancers will be 

discussed here: nutrient transporters, macropinocytosis, lipid uptake, and autophagy (Figure 1).  

Chapter 1 of this dissertation will address how sphingolipid-derived therapy can simultaneously 

target all four of these pathways. 

 

A) Surface nutrient transporter expression is increased in cancers. 

Oncogenic mutations that drive proliferation are often the same mutations that enhance cancer 

cells’ ability to increase nutrient uptake.  For example, Ras activation, Myc over-expression, and 

PI 3-kinase pathway activation increase glucose and amino acid transporter expression and 

uptake (2–4,9–15).   

Cancer cells convert the majority of glucose into lactate even when there is plenty of oxygen,  

and this phenomenon, first described by Otto Warburg, is known as the “Warburg effect” (5).  

This characteristic increase in glucose uptake and usage observed in many cancer types is the 

basis of the diagnostic tool (18F)-2-deoxy-2-(18F)fluoro-D-glucose positron emission 

tomography ((18F)-FDG-PET).   Increased glucose uptake in cancers, particularly in breast, 

NSCLC, thyroid, head and neck, colon, and esophagus cancers, makes (18F)-FDG-PET an 

effective tool not only for diagnosis and staging but also for monitoring  response to therapy 

(16).  In addition to generating ATP, increased glycolysis allows cancer cells generate 

biosynthetic intermediates needed for building biomass (7,17).  Increased levels of glucose 
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transporter expression are negatively correlated with patient prognosis (6,18).  Of the many 

isoforms of GLUT family of facilitated glucose transporters, GLUT1 and GLUT3 are most often 

over-expressed in cancers (1,6).  GLUT1 over-expression enhances tumor growth and GLUT3 

over-expression in 3D culture system converts non-malignant breast cancer epithelial cells to 

malignant cells (19,20). Reducing GLUT1/3 levels reduces tumor growth and sensitizes cancer 

cells to chemotherapy (1,6).  Other types of glucose transporters such as sodium-coupled 

glucose transporters (SGLT) are also often up-upregulated in cancer cells (1,6).  SGLT 

transports glucose via the Na+ gradient generated by Na+/K+ ATPase.  Transport of glycolytic 

products pyruvate and lactate is also important in cancer progression (1,6).  MCT1 and MCT4 

are monocarboxylate transporters that couple proton transport with pyruvate, lactate, or acetate 

transport.  Lactate generated in highly glycolytic cells can be exported out by these transporters, 

while lactate secreted by cancer-associated fibroblasts can also be imported by cancer cells 

through these same transporters to support growth (21).  Both MCT1 and MCT4 require the 

chaperone protein CD147 (basigin) for cell surface expression (1,6) 

In addition to increased glucose uptake, amino acid uptake is also frequently up-regulated in 

cancers (1,6).  Many types of cancers are mainly addicted to glutamine (11,22), but other amino 

acids can be conditionally essential in certain cancer classes.  For example, asparagine is 

required for acute lymphoblastic leukemia which is treated with the asparagine-degrading 

enzyme, asparaginase (23).  Arginine plays a similar role in a subset of leukemias and solid 

tumors (24).  Serine and glycine are also required by some cancer cells (25–27).  Similar to 

glucose transporters, increased levels of amino acid transporters enhance tumor growth and 

proliferation (1,6).  CD98 (4F2 heavy chain) is a chaperone protein that dimerizes with amino 

acid exchangers LAT1 and xCT both of which are upregulated in several different types of 

cancer.  CD98 over-expression is correlated with poor prognosis in patients.  xCT exports 

glutamate and imports cystine, while LAT1 import essential amino acids in exchange for non-

3



 

essential amino acids glutamine and alanine.  LAT1 up-regulation increases amino acid levels 

to activate mTORC1 and enhances proliferation in lung and renal cancers (28,29).  ASCT2 

transports neutral amino acids, including glutamine which feeds into the TCA cycle and 

glutathione synthesis (1).  ASCT2 overexpression in non-small cell lung cancer plays a crucial 

role in driving metastasis (30).  Other amino acids transporters such as ATB0,+, SNAT1, and 

SNAT2 also increase net amino acid import and may contribute to tumorigenesis (1,6).  

In addition to being regulated at the transcriptional level, nutrient transporters are also post-

translationally regulated.  Several of nutrient transporters, including CD98, LAT1, GLUT1, and 

CD147, are internalized through a clathrin-independent endocytic pathway (31).  ADP-

ribosylation factor 6 (Arf6) regulates internalization and recycling of these cargos.  ASCT2, 

LAT1, MCT1, and MCT4 also associate with cell proliferation factors such as epithelial cell 

adhesion molecule (EpCAM) and CD147-CD98 complex (32).  These findings suggest that 

multiple nutrient transporters exist on the cell surface as clusters in the same membrane 

domain, allowing for co-regulation.  Ubiquitination, phosphorylation, and glycosylation also 

regulate nutrient transporter trafficking.  CD98, for example, can be ubiquitinated and to be sent 

to late endosomes instead of being recycled back to surface membrane  (33).  Other nutrient 

transporters, including GLUT1, LAT1, and xCT, also have ubiquitylation sites (34).  GLUT1, 

LAT1, and CD98 also have cell-cycle dependent phosphorylation sites, suggesting that nutrient 

transporter activity may be regulated by growth and cell-cycle (35).  GLUT1 trafficking to the cell 

surface is increased in T cells by increase in glycosylation (36).  Regulation of nutrient 

transporter trafficking and activity by post-translational modification offers exciting therapeutic 

opportunities to target cancer cells’ addiction to nutrients.  Sphingolipids that post-translationally 

regulate multiple nutrient transporters will be discussed under heading II. 

B) Macropinocytosis allows cancer cells to engulf extracellular nutrients. 

4



 

In addition to promoting nutrient acquisition through transporters, cancer cells can acquire 

extracellular nutrients through a non-specific engulfment process called macropinocytosis 

(6,37).  Normally, macropinocytosis occurs in specific cell types such as macrophages and 

kidney podocytes (37–39).  Upon growth factor or inflammatory stimulation, these cells form 

actin-mediated ruffles on the plasma membrane which fold back,  trapping extracellular 

materials (39).  Actin-reorganization required for membrane ruffling requires activation of the 

small GTPase, Rac1.  Resulting vesicles are not coated with clathrin and are heterogenous in 

size, some of which can be as large as 5 μm in diameter.  These macropinosomes are 

visualized using fluid phase markers such as fluorescent dextran or Ficoll.   Once formed, 

macropinosomes are trafficked to the lysosomes to be degraded or be recycled back to fuse 

with the plasma membrane (39).  Amino acids derived from macropinocytosis activates 

mTORC1, which then can prevent fusion between macropinosomes and lysosomes as part of a 

feedback mechanism (40).  Fatty acids that are bound to albumin can also be taken up by 

macropinocytosis (38).   

Oncogenic Ras mutations promote the acquisition of amino acids through macropinocytosis 

which fuels proliferation in amino acid-depleted conditions (40–42).  Currently, only Ras-driven 

cancers have been shown to use macropinocytosis to survive amino acid deprivation.  Although 

PI 3-kinase inhibition blocksRas-driven macropinocytosis, knocking down PTEN was not 

sufficient to stimulate macropinocytosis in MEFs in leucine-deficient media (40).  The context in 

which PTEN loss can stimulate macropinocytosis will be discussed in Chapter 2 of this thesis.   

In addition to PI 3-kinase inhibition, there are several ways to block macropinocytosis.  5-[N-

ethyl-N-isopropyl] amiloride (EIPA) inhibits Na+/H+ exchanger 1 (NHE1) and disrupts the pH 

near plasma membrane, preventing actin re-organization needed for macropinocytosis (43).  

The allosteric Rac1 inhibitor EHT-1864 and the actin polymerization inhibitor cytochalasin D 

also block macropinocytosis (39,44).  However, these inhibitors target regulatory proteins 
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upstream of macropinocytosis or cytoskeletal reorganization in general and therefore lack 

specificity to macropinocytic process.  Since macropinocytosis-specific inhibitors are lacking, a 

deeper molecular understanding of this pathway is a high priority. 

C) Lipid metabolism fuels cancer growth and proliferation. 

Cancer cells also alter lipid metabolism to fuel growth and proliferation.  Cancer cells can 

increase both de novo synthesis of lipids and lipolysis (45,46).  Fatty acid biosynthesis plays 

crucial role in tumorigenesis.  For example, ATP-citrate lyase, an enzyme that converts citrate 

into acetyl-CoA for fatty acid biosynthesis, is required for tumor formation.  Fatty-acid synthase 

(FASN) expression is increased in breast and prostate cancers.    Other key enzymes involved 

in the fatty acid biosynthesis such as acetyl-CoA carboxylase (ACC) and fatty acid elongase are 

also frequently up-regulated in cancers.   Inhibition of fatty acid biosynthesis pathways disrupts 

cancer growth and proliferation. 

Cholesterol synthesis is another important lipid biosynthetic process up-regulated in cancers 

(47).  Cholesterol is an essential component of the plasma membrane, regulating the fluidity of 

the lipid bilayer and forming lipid rafts that can serve as a platform for signaling pathways and 

membrane trafficking (48).  Intermediates derived from the cholesterol biosynthetic processes 

also serve as precursors for isoprenylation of small GTPases like Ras and Rho.  Isoprenylation 

anchors these proteins to the plasma membrane for proper signaling.  Statins, inhibitors of 

HMG-CoA reductase (HMGCR), a rate-limiting enzyme in cholesterol synthesis that converts 3-

hydroxy-3-methylglutaryl (HMG)-CoA into mevalonate, has anti-neoplastic activity and 

sensitizes cancer cells to chemotherapy (49).   

Uptake of extracellular lipid also plays an important role for tumor growth.  In particular, prostate 

cancer cells depend on exogenous low-density lipoprotein (LDL) for growth and survival (50).  

Loss of tumor suppressor PTEN activates PI 3-kinase pathways that results in activation of 

6



 

sterol regulatory element-binding protein (SREBP) and low-density lipoprotein receptor (LDLr).  

Receptor-bound LDL is endocytosed via clathrin-dependent endocytosis and LDL is degraded in 

lysosomes to produce free cholesterol and fatty acids (51).  Blocking LDL uptake or depleting 

cholesteryl ester stores reduces prostate cancer cell proliferation (50).   

In addition to lipogenesis, fatty acid oxidation also contributes to malignancy in multiple cancer 

types (47).  Mitochondrial beta oxidation is up-regulated in prostate cancers and inhibiting fatty 

acid oxidation results in apoptosis in leukemia cells and glioblastoma cells.  Exploiting the 

alterations in lipid metabolism in cancer cells, is thus another important approach to targeting 

cancer metabolism.  

 

D) Autophagy is a source of intracellular nutrients when cancer cells are under nutrient 

stress. 

When extracellular nutrients become limiting, cells can derive nutrients from intracellular 

proteins and organelles via a catabolic process called autophagy, or “self-digestion” (52).  

Autophagy is tightly regulated and plays an important role in maintaining metabolic 

homeostasis.  During the initiation step of autophagy, small cup-shaped double-membrane sacs 

called phagophores emerge.  This step is mediated by UNC51-like kinase (ULK) complex that 

consists of ULK1/ULK2, autophagy-related protein 13 (ATG13), FAK family kinase interacting 

protein of 200 kDa (FIP200) and ATG101.  Elongation of phagophores is mediated by vacuolar 

protein sorting 34 (VPS34), which is a class III PI 3-kinase, as well as ATG14L, VPS15, and 

beclin 1.  Old proteins and organelles are sequestered as the isolation membranes are 

elongated.  Then ATG5-ATG12 conjugates form a complex with ATG16L and LC3-I 

(microtubule-associated protein 1 light chain 3) is lipidated with phosphatidylethanolamine (PE) 

to form LC3-II.  WD-repeat PI3P effector protein 2 (WIPI2) is required for recruiting the ATG12-
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5-16L complex and for LC3 lipidation (53).  This expands the autophagosome membranes to 

completion and the resulting autophagosomes are trafficked to multivesicular bodies (MVB) and 

lysosomes for degradation.   

Autophagy is regulated both at the initiation/elongation step and at the degradation step (54,55).  

When there are plenty of nutrients or growth signals, mTORC1 inhibits the initiation of 

autophagy by suppressing ULK1 kinase activity.  AMPK opposes this inhibition by activating the 

TSC complex, which is a negative regulator of mTORC1, by phosphorylating the mTORC1 

binding partner raptor, or by directly activating ULK1 (56–58).  Once autophagy is initiated, the 

resulting autophagosomes mature and fuse with components of the late endocytic pathway.  

Thus, disruptions in late endocytic trafficking can limit autophagic flux (59,60).  If 

autophagosomes are not properly trafficked to lysosomes, they cannot be degraded to derive 

nutrients.  Autophagosome fusion with lysosomes requires the small GTPase Rab7, 

components of the homotypic fusion and protein sorting (HOPS) complex, and SNARE proteins 

(61).   

Phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) generated by the phosphotidylinositide 5-

kinase, PIKfyve, also regulates autophagosome-lysosome fusion events (Figure 2) (62,63).  

PI(3,5)P2 binds and activates the calcium channel TRPML1 (transient receptor potential cation 

channel, mucolipin subfamily, member 1) that is primarily localized to late endosomal and 

lysosomal membranes.  TRPML1 activity is dramatically increased upon nutrient starvation, and 

juxtaorganellar Ca2+ release from TRPML1 triggers lysosomal fusion and fission, allowing 

autophagosomes to be effectively degraded in lysosomes (64,65).  Reducing PI(3,5)P2 levels 

results in the accumulation of autophagy proteins LC3-II and p62, indication of a block in 

autophagosome degradation.  Interestingly, PI(3,5)P2 may also regulate autophagosome 

formation.  In vivo, PI(3,5)P2 is the major precursor for PI(5)P which is required for 

autophagosome biogenesis under glucose-limiting conditions (66,67).  PI(3,5)P2 may also 
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stimulate autophagy by increasing TRPML1-mediated Ca2+ release that will activate the Ca2+-

activated kinase CAMKK, which directly activates AMPK (68).  TRPML3, another member of 

mucolipin family, is also recruited to autophagosomes and may play a similar role as TRPML1 in 

regulating autophagy (69). 

Autophagy plays a dual role in cancer (54).  Because autophagy serves as a quality control 

mechanism that degrades old proteins and organelles such as defective mitochondria that 

generate reactive oxygen species (ROS), lack of autophagy leads to an increased DNA 

mutation rate and subsequent tumorigenesis (70,71).  For example, Beclin1, an essential 

protein for autophagosome formation, is frequently monoallelically lost in human breast, ovarian, 

and prostate cancers (72,73).  On the other hand, once the tumor is established, autophagy-

derived nutrients can fuel cancer cells to proliferate (54,74,75).  Reducing autophagy is 

detrimental to tumor cells, particularly those with mutations that activate Ras (74,75).  

Interestingly, oncogenic signaling pathways generally suppress autophagy.  For example, 

activation of mTORC1 downstream of PI 3-kinase signaling inhibits autophagy, although 

metabolic stress can overcome this inhibition (76–80).  Over-expression of the anti-apoptotic 

protein Bcl-2 in cancer can also suppress autophagy, as can loss of p53 (81–83).  Thus, cancer 

cells would be expected to have a reduced autophagic reserve capacity relative to normal cells.  

Consistent with this hypothesis, autophagy inhibitors can increase the therapeutic index of both 

cytotoxic and targeted chemotherapeutic agents (54,84–88).  Although new agents blocking 

autophagosome formation are under development (89–91), currently available inhibitors are 

non-selective blockers of lysosomal degradation (87).  For example, blocking lysosomal 

degradation of autophagosomes with chloroquine decrease tumor growth when combined with 

alkylating agents or HDAC inhibitor SAHA (74).  However,  as there are emerging evidences 

that these effects of chloroquine may be independent of autophagy, other methods of blocking 

autophagy are in need of development (92).   

9



 

II. Sphingolipid-based therapies target cancer metabolism. 

Current therapeutic efforts targeting the nutrient addiction of cancer cells focus on developing 

small molecule inhibitors of the enzymes required for flux through the relevant anabolic 

pathways (93).  The pre-clinical studies examining the consequences of silencing these 

anabolic enzymes and clinical success with enzymatic depletion of amino acids suggest that 

nutrient limitation could be an effective and selective therapeutic approach in many cancers.   

 

A) Sphingolipids regulate surface nutrient transporters. 

Cancer cells’ addiction to nutrients is a vulnerability that could be exploited for therapeutic 

purposes.  Targeting key metabolic enzymes, however, has proven difficult as cancers 

frequently develop drug resistance.  Cancer cells can adapt and up-regulate compensatory 

metabolic pathways and thus become resistant to the original inhibitor.  In addition, tumors 

consist of heterogeneous populations of cells, and enzymatic inhibitors may provide selective 

pressure that enriches for the cancer cells that have a different driver oncogene mutation and 

thus different metabolic liabilities.   

Preventing cancer cells from accessing nutrients targets a cancer phenotype—their addiction to 

nutrients—rather than a specific oncogenic mutation.  As all cancer cells must take up nutrients 

to survive and fuel proliferation regardless of which specific driver mutations they carry, 

preventing nutrient uptake may be an effective therapeutic approach for broad classes of 

cancers.  Competitive inhibitors of glucose and amino acid transporters are of limited utility 

because they must be present at millimolar concentrations to be effective (93,94).  This is 

therapeutically difficult to achieve in patients and these inhibitors do not block the other nutrient 

acquisition uptake pathways mentioned above.  
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Sphingolipids are bioactive lipids that have a variety of cellular functions, including regulation of 

the actin cytoskeleton, endocytosis, the cell cycle, apoptosis, the stress response, senescence, 

and survival (95).  Sphingolipid synthesis and signaling pathways are complex and 

interconnected.  Of interest to targeting cancer cells’ addiction to nutrients, sphingolipids 

regulate the endocytosis and recycling of nutrient transporters.  Budding yeast under heat stress 

generate the sphingolipid phytosphingosine to trigger amino acid permease down-regulation 

and arrest growth (96–98).  While mammalian cells do not synthesize phytosphingosine, the 

related sphingolipid ceramide induces a similar down-regulation of glucose and amino acid 

transporters in multiple mammalian cell types (99).  Ceramide activates protein phosphatase 2A 

(PP2A) and this step is required for down-regulation of nutrient transporters (99).  PP2A is a 

ubiquitously expressed serine threonine phosphatase and is composed of catalytic (C), scaffold 

(A) and regulatory (B) subunits (100).  PP2A inhibition by chemical inhibitors or by expression of 

small t, which binds to the scaffolding A subunit of PP2A and blocks PP2A complex formation, 

prevents sphingolipid-induced glucose and amino acid transporter loss from the cell surface 

(99,101).   

 

B) Synthetic sphingolipid FTY720 and its analogs have anti-neoplastic activities. 

Because ceramide is extremely hydrophobic and readily metabolized into other sphingoids, its 

therapeutic potential is limited.  Interestingly, the FDA-approved and water-soluble sphingolipid 

drug FTY720 also activates PP2A and down-regulates nutrient transporters, inducing a 

starvation response in both mammalian cells and yeast (97,101,102).  FTY720 became the first 

oral therapy for multiple sclerosis based on its actions at sphingosine-1-phosphate receptors.  

Once phosphorylated by sphingosine kinase 2, FTY720 acts as a functional antagonist of S1P 

receptor 1 (S1P1), thereby trapping lymphocytes in secondary lymphoid organs (103).  At higher 

doses than needed for immunosuppression, FTY720 has profound anti-neoplastic activity in a 
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variety of model systems (101,104–115).  Despite these promising results in animal models, 

FTY720 cannot be tested in human cancer patients due to dose-limiting bradycardia secondary 

to activation of S1P1 and/or S1P3 (103,116–118).  Fortunately, the anti-cancer activities of 

FTY720 are unrelated to its S1P receptor effects.  A conformationally constrained analog of 

FTY720, SH-BC-893, down-regulates nutrient transporters and retains the broad anti-neoplastic 

effects of the parent compound but lacks the S1P receptor activity that is responsible for 

FTY720’s dose-limiting toxicity (119).  

Having developed a synthetic sphingolipid with favorable drug properties and demonstrated that 

it kills a variety of cancer cells (119), its mechanism of action and selectivity for transformed 

cells were further evaluated in more in-depth biological assays.  As will be discussed in the first 

part of this dissertation, SH-BC-893, in addition to triggering nutrient transporter loss, produces 

profound cytoplasmic vacuolation secondary to the mislocalization of PIKfyve.  Altered PIKfyve 

trafficking was determined to be independent of the trafficking defects responsible for 

transporter down-regulation.  PIKfyve mislocalization contributed to the anti-neoplastic activity of 

SH-BC-893 in vitro and in vivo by blocking autophagosome, LDL, and macropinosome 

degradation, thereby intensifying the nutrient stress caused by amino acid and glucose 

transporter down-regulation.  

SH-BC-893 was especially effective against prostate cancers.  As SH-BC-893 killed cancer cells 

by simultaneously inhibiting multiple nutrient uptake pathways, we hypothesized that prostate 

cancers would be very sensitive to depletion of amino acids and glucose deprivation from the 

medium.  Surprisingly, they were resistant to amino acid and glucose withdrawal.  The second 

part of this dissertation will highlight these PTEN-deficient prostate cancer cells’ ability to survive 

in low nutrients by relying on macropinocytosis.   PTEN-deficient cells required AMPK activation 

in order to exhibit macropinocytosis and this provided an explanation as to why 

macropinocytosis was not observed in amino acid-depleted media in MEFs expressing PTEN 
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shRNA (40).  Prostate cancers used macropinocytosis to consume necrotic cell debris to build 

biomass and proliferate.  These findings have profound implications in understanding and 

targeting macropinocytosis as an important nutrient uptake pathway in many cancer types. 
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ABSTRACT: Oncogenic mutations drive anabolism creating a dependency on nutrient influx 

through transporters, receptors, and macropinocytosis.  Sphingolipids suppress tumor growth by 

down-regulating nutrient transporters, but macropinocytosis and autophagy still provide cancer 

cells with fuel.  Therapeutics that simultaneously disrupt these parallel nutrient access pathways 

would be more powerful starvation agents.  Here we describe a water-soluble, orally 

bioavailable synthetic sphingolipid, SH-BC-893, that triggers nutrient transporter internalization 

but also blocks lysosome-dependent nutrient generation pathways.  SH-BC-893 activated 

protein phosphatase 2A (PP2A) leading to mislocalization of the lipid kinase PIKfyve.  The 

concomitant mislocalization of the PIKfyve product, PI(3,5)P2, triggered cytosolic vacuolation 

and blocked lysosomal fusion reactions essential for LDL, autophagosome, and macropinosome 

degradation.  By simultaneously limiting access to both extracellular and intracellular nutrients, 

SH-BC-893 selectively killed cells expressing activated Ras, a potently anabolic oncogene, both 

in vitro and in vivo.  However, slower growing, autochthonous PTEN-deficient prostate tumors 

that do not exhibit a classic “Warburg” phenotype were equally sensitive.  Remarkably, normal 

proliferative tissues were unaffected by doses of SH-BC-893 that profoundly inhibited tumor 

growth.  These studies demonstrate that simultaneously blocking parallel nutrient access 

pathways with sphingolipid-based drugs is broadly effective and cancer selective, suggesting a 

novel strategy to overcome resistance conferred by tumor heterogeneity.    
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INTRODUCTION 

To meet the anabolic demands of cell division, oncogenic mutations drive glucose and 

glutamine transporter gene expression (1–4).  The LDL receptor is similarly up-regulated in 

cancer cells to provide exogenous cholesterol and fatty acids that fuel cell growth (5,6).  

Oncogenic signaling pathways also promote nutrient uptake post-transcriptionally by preventing 

the lysosomal degradation of these nutrient transport proteins (7).  Tumors with activated Ras 

acquire additional extracellular nutrients via macropinocytosis, an endocytic process that 

produces amino acids when engulfed proteins are degraded in the lysosome (8,9).  Cancer cells 

are “addicted” to these nutrient influx pathways because oncogenic mutations create a 

continuous, high demand for fuel and limit metabolic flexibility.  A classic example of how this 

addiction can be exploited therapeutically is the use of L-asparaginase to kill acute 

lymphoblastic leukemia cells that cannot synthesize sufficient quantities of the non-essential 

amino acid asparagine to meet their metabolic demand (10).  Pre-clinical studies show that a 

subset of human cancers likewise require imported LDL, arginine, serine, or glycine for growth 

and survival (5,11–13).  These studies demonstrate that limiting nutrient uptake can selectively 

eliminate transformed cells, but also highlight that the specific nutrient addictions of different 

cancer classes diverge depending on the molecular defects present.   

 

An increasingly sophisticated understanding of how individual oncogenes and tumor 

suppressors alter flux through key metabolic pathways and the expanding ability to catalog the 

mutations present in tumors will facilitate the use of targeted metabolic therapies.  However, 

tumor heterogeneity limits the effectiveness of these agents.  Pre-existing tumor cells that rely 

on a distinct set of anabolic enzymes would be enriched during treatment with small molecule 

metabolic inhibitors contributing to the development of resistance (14,15).  Selective pressures 

may also promote rewiring of metabolic pathways in tumor cells that are crippled but not killed 

by targeted metabolic therapies akin to what has been observed with cytostatic agents targeting 
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oncogenic signal transduction pathways (16).  One means to circumvent these hurdles would be 

to target the apex of the anabolic pyramid, nutrient uptake.  No matter which biosynthetic 

pathways are essential in a given tumor cell, exogenous nutrients will be required to build 

biomass.  If access to multiple nutrients could be restricted simultaneously, many different tumor 

classes would be sensitive and potential resistance pathways suppressed.   

 

Identifying compounds with good pharmacological properties that restrict access to multiple 

nutrients presents a significant challenge (17).  Sphingolipids offer a promising alternative to 

competitive inhibitors of individual nutrient uptake pathways.  Natural and synthetic 

sphingolipids limit glucose and amino acid transporter surface expression through evolutionarily 

conserved effects on membrane trafficking (18–20).  Unfortunately, most sphingolipids have 

significant pharmacological liabilities that prevent their use in cancer patients despite their 

activity in vitro and in animal models (21,22).  Even if sphingolipids with acceptable drug 

properties were developed, lysosomal nutrient generation from macropinosome and/or 

autophagosome degradation could afford resistance, particularly in tumors with activated Ras 

where these pathways are up-regulated (9,23).  Here we report that SH-BC-893, a 

pharmacologically viable synthetic sphingolipid, is an apical inhibitor of cancer metabolism that 

blocks nutrient access through multiple, parallel pathways by altering membrane trafficking.    
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RESULTS  

SH-BC-893 starves cancer cells to death.  At higher doses than required for 

immunosuppression, the FDA-approved multiple sclerosis therapy FTY720 selectively kills 

cancer cells in vitro and in vivo in part by triggering the internalization of glucose and amino acid 

transporters (20,24–26).  Unfortunately, FTY720 cannot be re-purposed for use in cancer 

patients because it dramatically slows heart rate at the anti-neoplastic dose by activating 

sphingosine-1-phosphate (S1P) receptor 1 in the heart (22,27,28).  The conformationally 

constrained FTY720 analog SH-BC-893, in contrast, could be used therapeutically as it does 

not activate S1P1 in reporter cells (Figure 1, A and B).  Moreover, neither SH-BC-893 nor its 

phosphate trigger lymphocyte sequestration, an S1P1-dependent effect (27).  Importantly, SH-

BC-893 still triggers the selective internalization of amino acid (4F2hc (SLC3A2) or ASCT2 

(SLC1A5)) and glucose (GLUT1 (SLC2A1)) transporters (17,27) (Figure 1,C and D).  Other 

surface proteins, such as CD147, a chaperone protein with similar functions to 4F2hc, are not 

affected.  As expected if cells are nutrient-limited, blocking apoptosis via Bcl-XL over-expression 

did not prevent SH-BC-893-induced cell death (Figure 1E and Supplemental Figure 1, A and B).  

In contrast, the transporter-independent, membrane-permeant nutrients methyl pyruvate and 

dimethyl-α-ketoglutarate rescued SH-BC-893-treated cells (Figure 1E).  These results confirm 

that, like FTY720 (20), SH-BC-893 kills cells by limiting nutrient access. 

 

Cells adapt to nutrient limitation by increasing oxidative phosphorylation (29).  The relative rate 

of glycolysis and oxidative phosphorylation can be monitored by measuring the fluorescence 

lifetime of the reduced form of nicotinamide adenine dinucleotide (NADH) (30).  A higher ratio of 

protein-bound to free NADH (increased lifetime) correlates with increased oxidative 

phosphorylation in multiple cell types both in vitro and in vivo (31–36).  As expected, cells 

treated with oligomycin or rotenone/antimycin A compensated for the loss of oxidative 

phosphorylation by increasing glycolysis, reducing the bound NADH fraction (Figure 1F).  
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Conversely, the glycolysis inhibitor 2-deoxy-glucose (2-DG) or glucose and amino acid 

deprivation increased oxidative phosphorylation and the bound to free NADH ratio.  As 

predicted, SH-BC-893 mimicked the effect of amino acid and glucose starvation, increasing the 

bound NADH fraction and cellular oxygen consumption (Figure 1, F and G).  Cells responded 

similarly to the parent compound, FTY720.  Thus, the metabolic changes triggered by SH-BC-

893 parallel those seen in cells with restricted access to key metabolic substrates.  

 

If SH-BC-893 kills cells by limiting nutrient access, cells with a higher anabolic rate should be 

more sensitive.  The anabolic rate of murine FL5.12 cells can be titrated by modulating the 

levels of their required growth factor, IL-3 (37); comparing FL5.12 cells grown in high and low IL-

3 allows the impact of elevated growth factor signaling and anabolism to be evaluated in a 

constant genetic background.  High concentrations of IL-3 drive aerobic glycolysis and a rapid 

doubling time (12 h).  Reducing IL-3 levels slows proliferation and increases oxidative 

phosphorylation without compromising cell viability (Figure 2, A and B) (37).  As predicted, 

maintenance in low IL-3 medium reduced the need for metabolic adaptation (Figure 2B) and 

protected cells from SH-BC-893-induced death (Figure 2A) suggesting that elevated growth 

factor signaling and anabolism in transformed cells will confer hypersensitivity to SH-BC-893.  

Indeed, non-transformed murine OP9 bone marrow stromal cells and primary murine embryonic 

fibroblasts (MEFs) were less sensitive to SH-BC-893 than human cancer cell lines (Figure 2C).  

Many of these cancer cell lines carry activating mutations in Ras.  In fact, K-Ras activation 

following Cre expression in Lox-STOP-Lox-KRasG12D MEFs (38) was sufficient to limit 

metabolic flexibility and sensitize cells to SH-BC-893 (Figure 2, D and E).  Loss of the tumor 

suppressor PTEN produced similar effects (Supplemental Figure 2, A and B).  Importantly, 

oncogenic mutations did not affect surface nutrient transporter down-regulation in K-Ras G12D-

expressing or PTEN-deficient MEFs (Supplemental Figure 2C).  These results indicate that both 

normal and transformed cells express the SH-BC-893 target and differential sensitivity to the 
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compound stems from the lack of metabolic adaptation in cancer cells.  Consistent with these 

results in MEFs, normal human peripheral blood mononuclear cells (PBMC) were also resistant 

to SH-BC-893 relative to SW620 colon cancer cells (Figure 2F) in colony formation assays.  

Taken together, these data suggest that constitutive anabolism sensitizes cancer cells to SH-

BC-893 and could generate an acceptable therapeutic index. 

 

To determine whether SH-BC-893 inhibited tumor growth in vivo, luciferase-expressing SW620 

xenografts were generated.  Bioluminescence imaging (BLI), caliper measurements, and tumor 

mass at sacrifice were reduced to a similar degree by SH-BC-893 and FTY720 (Figure 2, G-I 

and Supplemental Figure 2D).  Consistent with these effects, SH-BC-893 was present at low 

micromolar concentrations in both tumors and plasma at sacrifice (Supplemental Figure 2E).  

Mild weight loss occurred in treated mice as expected given that nutrient access would be 

restricted in both normal and transformed cells (Supplemental Figure 2F).  These results 

suggest that SH-BC-893 could provide a safe and effective means to target Ras-driven cancer 

anabolism in vivo. 

 

SH-BC-893 interferes with late endocytic trafficking. SH-BC-893 was surprisingly effective 

given that Ras activation increases macropinocytosis and autophagy (9,23), processes that 

should provide resistance to surface nutrient transporter loss.  We therefore hypothesized that 

SH-BC-893 might affect additional trafficking pathways.  Interestingly, SH-BC-893 induced 

equally striking cytosolic vacuolation in both non-transformed and cancer cells (Figure 3A and 

Supplemental Figure 3, A, B, and C).  These vacuoles contained intraluminal vesicles (ILVs) as 

well as amorphous, partially degraded material suggesting that they originate from 

multivesicular bodies (MVBs) or another late endocytic compartment (Figure 3B). Vacuoles 

were positive for the late endosomal markers Lamp1 and Rab7 (Figure 3C) and negative for the 

early endosomal markers EEA1 and Rab5 and the lipid stain Nile Red (Supplemental Figure 
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3D).  Acidified puncta, likely lysosomes, were observed within or proximal to vacuoles along 

with material marked as autophagosomes by GFP-LC3 (Figure 3,C and D and Supplemental 

Figure 3E).  Taken together, these results suggest that SH-BC-893 enlarges MVBs. 

 

PI(3,5)P2, the product of the PI3P 5-kinase PIKfyve, regulates membrane fusion and ILV 

formation in MVBs (39).  Reducing PIKfyve activity with the inhibitor YM201636 produced PI3P-

positive, PI(3,5)P2-negative vacuoles phenotypically similar to those generated by SH-BC-893 

and FTY720 (Figure 3, A and E and Supplemental Figure 3, A and F) (40–42).  The Ca2+ 

channel TRPML1 (transient receptor potential cation channel, mucolipin subfamily, member 1) 

is found in MVB membranes where it is activated by PI(3,5)P2 generated by PIKfyve (43).  

TRPML1 accumulated in vacuolar membranes in FTY720- and YM201636-treated cells (Figure 

3E).  Over-expression of PIKfyve, its scaffolding protein Vac14, or its effector protein TRMPL1 

rescued from either FTY720- or YM201636-induced vacuolation while a Vac14 mutant that does 

not associate with PIKfyve was ineffective (Figure 3F).  Together, these data suggest that SH-

BC-893 and FTY720 enlarge MVBs by reducing PIKfyve activity similar to YM201636.   

 

Unexpectedly, FTY720 did not inhibit PIKfyve kinase activity or reduce PI(3,5)P2 levels at 

concentrations that profoundly vacuolate cells (Figure 4, A and B).  Rather, FTY720 disrupted 

PIKfyve localization.  While mCitrine-tagged PIKfyve localized to the limiting membrane of 

YM201636-induced vacuoles as expected, PIKfyve was present in clumps between vacuoles in 

FTY720-treated cells (Figure 4C and Supplemental Figure 3F).  Validated antibodies 

recognizing endogenous PIKfyve and Vac14 confirmed this result (Figure 4C and Supplemental 

Figure 4, A and B).  Consistent with their disparate mechanisms of action, YM201636 abolished 

membrane association of the PI(3,5)P2 probe mCherry-ML1N*2 (44), while in FTY720 or SH-

BC-893 treated cells, mCherry-ML1N*2 co-localized with PIKfyve to puncta between the 

vacuoles (Supplemental Figure 3F).  Moreover, neither PIKfyve (Figure 4D) nor mCherry-
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ML1N*2 (Supplemental Figure 4D) co-localized with the PI(3,5)P2 effector protein TRPML1 on 

vacuoles in FTY720- or SH-BC-893-treated cells.  As TRPML1 was present on both YM201636- 

and SH-BC-893-induced vacuoles (Figure 3E and Supplemental Figure 4D), PIKfyve and not 

TRPML1 was mislocalized by FTY720 and SH-BC-893.  FTY720 and SH-BC-893 also 

eliminated PIKfyve from the TRPML1-positive vacuoles in YM201636-treated cells (Figure 4D).  

Consistent with its lack of vacuolating activity (Figure 3A), ceramide did not disrupt PIKfyve-

TRMPL1 co-localization in the presence or absence of YM201636 (Figure 4D).  These results 

indicate that FTY720 and SH-BC-893 induce vacuolation by mislocalizing PIKfyve leading to 

generation of the membrane anchored lipid, PI(3,5)P2, in separate compartment from its 

transmembrane effector protein, TRPML1.   

 

Ceramide, FTY720, and SH-BC-893 trigger nutrient transporter loss by activating PP2A (Figure 

5, A and B) (18,20,27,45,46).  Activation of PP2A by sphingolipids is specific as 

dihydroceramide, which differs from ceramide by a single saturated bond, fails to activate PP2A, 

does not kill cells, and does not trigger transporter loss or vacuolation (Figure 5A and 

Supplemental Figure 5A) (46,47).  FTY720 or SH-BC-893 also caused vacuolation by activating 

PP2A as the selective PP2A inhibitor calyculin A and the protein inhibitor of PP2A, SV40 small t 

antigen, both blocked this effect (Figure 5C); YM201636-induced vacuolation was unaffected by 

PP2A inhibition (Supplemental Figure 5B).  PP2A activation triggered PIKfyve mislocalization as 

inhibiting PP2A restored PIKfyve to YM201636-induced vacuoles in FTY720- or SH-BC-893-

treated cells (Figure 4D).  As ceramide triggers transporter loss by activating PP2A (18) but 

does not vacuolate cells (Figure 3A) or induce PIKfyve mislocalization (Figure 4D), different 

PP2A heterotrimers or distinct pools of PP2A promote nutrient transporter down-regulation and 

vacuolation.  Consistent with a model where FTY720 and SH-BC-893 disrupt two distinct 

trafficking pathways downstream of different PP2A complexes, amino acid and glucose 

transporters internalized by FTY720 and SH-BC-893 did not co-localize with the PIKfyve 
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complex (Supplemental Figure 5C).  Moreover, triggering vacuolation with YM201636 did not 

decrease surface nutrient transporter levels, and preventing vacuolation by over-expressing 

Vac14 did not interfere with nutrient transporter down-regulation by FTY720 (Supplemental 

Figure 5, D and E).  Taken together, these data indicate that FTY720 and SH-BC-893 disrupt 

PIKfyve localization and nutrient transporter trafficking in both normal and transformed cells 

through two distinct PP2A-dependent mechanisms. 

 

PIKfyve mislocalization blocks lysosomal nutrient production. Cells adapt to nutrient stress 

by increasing autophagic flux (17).  However, autophagosome-lysosome fusion reactions 

depend upon Ca2+ released through TRPML1 channels that are activated by PI(3,5)P2 (43,48).  

The loss of PIKfyve and PI(3,5)P2 co-localization with TRPML1 (Figure 4D and Supplemental 

Figure 4D) suggested that SH-BC-893 might limit autophagic flux.  In cells where 

autophagolysosomes were stabilized by chloroquine (CQ), addition of FTY720, SH-BC-893, or 

YM201636 reduced fusion of LC3-positive autophagosomes with LAMP1-positive lysosomes 

(Figure 6, A and B).  Interestingly, vacuolating sphingolipids also decreased the total number of 

LC3 puncta per cell, suggesting that autophagosome formation was reduced (Figure 6C).  PI5P 

is essential for autophagosome biogenesis upon glucose depletion (49).  As PI5P is produced 

by dephosphorylating PI(3,5)P2 (50), PI5P might also be mislocalized in SH-BC-893-treated 

cells, thereby disrupting autophagosome formation.  Indeed, FTY720 and SH-BC-893 reduced 

the number of WIPI2-positive nascent autophagosomes detected in low-nutrient media without 

affecting PI5P levels (Figure 6, D and E and Supplemental Figure 6A).  Thus, SH-BC-893 

inhibited both autophagosome formation and degradation.  Vac14 over-expression limits 

vacuolation (Figure 3F and 6F, Supplemental Figure 6B) and should rescue autophagic flux in 

SH-BC-893-treated cells.  Vac14 over-expression restored both autophagosome formation and 

lysosomal fusion in FTY720- and SH-BC-893-treated cells (Figure 6, A,B,D, and E).  Together, 

these data indicate that SH-BC-893 blocks autophagic flux at multiple levels through effects on 
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PIKfyve, likely enhancing the bioenergetic stress induced by transporter down-regulation (Figure 

1). 

 

In cells with activated Ras, macropinocytosis might also confer resistance to nutrient transporter 

down-regulation (9).  However, PI(3,5)P2 is also required for macropinosome degradation (51).  

While K-RasG12D expressing cells efficiently macropinocytosed dextran in an 5-(N-ethyl-N-

isopropyl) amiloride (EIPA) sensitive manner, both YM201636 and SH-BC-893 dramatically 

reduced macropinosome fusion with lysosomes (Figure 6, G and H).  Macropinosomes that fail 

to fuse with lysosomes would not supply amino acids (8).  Thus, by disrupting PIKfyve 

localization, SH-BC-893 limits access to lysosomally-derived nutrients (Figure 6) at the same 

time it down-regulates transporters for amino acids and glucose (Figure 1,C and D).    

 

Vacuolation increases the anti-neoplastic activity of SH-BC-893. To assess the relative 

contribution of vacuolation to SH-BC-893’s anti-neoplastic activity, cells were treated with 

YM201636 (vacuolation only) and ceramide (transporter loss without vacuolation) alone and in 

combination.  YM201636 was minimally cytotoxic as a single agent but significantly enhanced 

ceramide-induced death in multiple cancer cell lines without increasing nutrient transporter loss 

(Figure 7, A and B and Supplemental Figures 5D and 7A).  Moreover, Vac14 over-expressing 

cells that did not vacuolate (Figures 3F and 6F) were resistant to SH-BC-893- and FTY720-

induced death but were not protected from death induced by the non-vacuolating sphingolipid 

ceramide (Figure 7, C and D and Supplemental Figure 7B). Taken together, these data suggest 

that vacuolation contributes to the ability of SH-BC-893 to kill cancer cells.  To assess whether 

vacuolation enhances the anti-neoplastic activity of SH-BC-893 in vivo, mice bearing SW480 

xenografts expressing empty vector or Vac14 were treated with vehicle or SH-BC-893 by 

gavage.  Tumors were harvested while still small in order to limit tumor necrosis that might 

confound microscopic analysis of SH-BC-893-induced vacuolation.  As seen in vitro, Vac14 
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over-expression conferred resistance to both vacuolation and growth inhibition by SH-BC-893 

(Figure 7, E and F).  These results demonstrate that vacuolation contributes to the anti-

neoplastic effects of SH-BC-893 both in vitro and in vivo.  

 

The multifaceted actions of SH-BC-893 confer activity in slower growing, autochthonous 

prostate tumors.  Because the activity of SH-BC-893 was linked to metabolic rate (Figure 2, A 

and B), it was not clear whether slower-growing tumors that do not exhibit the classic Warburg 

phenotype would be also be sensitive.  To test this, SH-BC-893 was evaluated in a validated 

genetically-engineered mouse model for invasive castration-resistant prostate cancer that lacks 

p53 and PTEN expression exclusively in the prostate (pDKO) (52–54).  Cells derived from 

tumors in these mice (mouse prostate cancer epithelial cells, mPCEs) exhibited reduced 

glycolysis and were not dependent on extracellular glucose and amino acids for survival (Figure 

8, A and B).  However, SH-BC-893 still produced a phenotype consistent with starvation as the 

bound NADH fraction increased and cell permeant nutrients protected mPCE cells from death 

(Figure 8, A and C).  Prostate cancer cells depend on exogenous LDL for growth and survival 

(5).  Interestingly, SH-BC-893 not only vacuolated mPCE cells and down-regulated 4F2hc, but 

also dramatically decreased surface levels of the LDL receptor (LDLr), LDL uptake, and lipid 

droplet accumulation (Figure 8D-H and Supplemental Figures 3B and 8, A and B).  Ceramide 

and YM201636 both reduced surface LDLr levels but LDLr accumulated in different intracellular 

compartments (Supplemental Figure 8A).  Consistent with their ability to block lysosomal fusion 

(Figure 6), both YM201636 and SH-BC-893 reduced LDL co-localization with Lysotracker Blue 

(Figure 8, F and G).  In keeping with the inhibition of LDL degradation in lysosomes, cellular lipid 

droplet content was inversely correlated with the extent of vacuolation (Supplemental Figure 

8B).  In summary, SH-BC-893 starves prostate cancer cells for essential nutrients both by 

down-regulating transporters and by blocking lysosomal nutrient generation. 

 

37



 
 

The effect of SH-BC-893 on prostate tumor growth in vivo was next evaluated.  In C57BL/6 mice 

bearing mPCE subcutaneous isografts, 60 mg/kg SH-BC-893 given daily by gavage slowed 

tumor growth by 60% similar to results with SW620 xenografts dosed with 20 mg/kg i.p. (Figure 

2G-I and 8I).  At 120 mg/kg, SH-BC-893 inhibited prostate tumor growth by more than 90% 

(Figure 8I).  Similarly, SH-BC-893 decreased autochthonous tumor growth in pDKO mice by 

62% (60 mg/kg) or 82% (120 mg/kg) (Figure 8J).  Histologically, SH-BC-893 slowed prostate 

tumor progression, eliminating invasive disease and dramatically reducing cellular 

pleomorphism, hyperchromasia, and nuclear atypia; SH-BC-893-treated mice exclusively 

exhibited prostatic intraepithelial neoplasia while adenocarcinoma was present in all vehicle-

treated animals (Supplemental Figure 9).  As expected if amino acid transporters are down-

regulated (Figure 8D), TORC1-dependent ribosomal protein S6 phosphorylation was reduced in 

SH-BC-893-treated tumors (Supplemental Figure 8C).  Akt activity was slightly elevated by SH-

BC-893 consistent with loss of TORC1-mediated negative feedback.  Thus, SH-BC-893 is 

effective against tumors with distinct molecular defects and metabolic characteristics.  

 

SH-BC-893 produces equivalent transporter loss and vacuolation in normal and transformed 

cells and therefore limits the access of normal cells to nutrients (Figures 1, C and E, and 

Supplemental Figure 3, B and C).  Consistent with this, SH-BC-893-treated pDKO mice gained 

less weight than controls (Supplemental Figure 8D).  However, even mice treated with the 

highest dose of SH-BC-893 gained weight, and all treated mice exhibited normal behavior and 

activity levels.  Blood chemistry analysis at sacrifice indicated that SH-BC-893 was not toxic to 

the liver or kidneys at the anti-neoplastic dose (Supplemental Table 1).  The slight elevation in 

serum creatine phosphokinase in animals treated with 120 mg/kg SH-BC-893 is suggestive of 

mild muscle catabolism in response to nutrient restriction.  Importantly, proliferating normal 

tissues were minimally affected by SH-BC-893 as evidenced by normal complete blood counts 

and histopathology of intestinal crypts in mice treated with 120 mg/kg SH-BC-893 for 11 weeks 
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(Supplemental Table 2 and Supplemental Figure 8E).  The lack of toxicity to normal tissues is 

consistent with our finding that non-transformed cells can adapt to nutrient stress that triggers a 

bioenergetic crisis in less metabolically flexible tumor cells (Figure 2, D and E). In conclusion, 

blocking parallel nutrient access pathways by disrupting membrane trafficking is a safe and 

effective means to target constitutive anabolism in cancer cells with divergent metabolic 

programs.   
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DISCUSSION 

These studies demonstrate that synthetic sphingolipids with vacuolating properties starve 

multiple classes of cancer cells to death while sparing normal tissues.  SH-BC-893 was effective 

against tumors with distinct metabolic signatures and growth characteristics most likely because 

it inhibits both primary and adaptive nutrient acquisition pathways, down-regulating cell surface 

transporters/receptors while simultaneously blocking the lysosomal degradation of 

autophagosomes, macropinosomes, and LDL particles (Figure 9) (17).  The target of SH-BC-

893, PP2A, is activated in both non-transformed and cancer cells leading to nutrient transporter 

loss and profound vacuolation (Figures 1, C and D and Supplemental Figure 2C and 3A-C).  

However, non-transformed cells survive SH-BC-893 induced nutrient stress due to their ability to 

make appropriate metabolic adaptations; oncogenic mutations lock cancer cells into a pro-

growth metabolic program that sensitizes them to nutrient stress (Figure 2A-F and 

Supplemental Figure 2, A and B).  By blocking multiple nutrient access pathways, SH-BC-893 

acts as a cellular starvation mimetic; tumor cells are also hypersensitive to dietary restriction 

and intermittent fasting (55).  However, as dietary restriction is ineffective against PTEN-

deficient tumors (56) and SH-BC-893 profoundly inhibited the growth of PTEN-null prostate 

tumors (Figure 8, I and J), cellular and organismal nutrient limitation likely limit tumor growth 

through distinct mechanisms.  While SH-BC-893 was not toxic to normal proliferative tissues at 

the anti-neoplastic dose (Figure 2F, Supplemental Figure 8E, and Supplemental Tables 1 and 

2), a consideration with any cancer therapy that limits nutrient access is how it would affect 

cachexic patients.  Cancer cachexia has a complex etiology and is not simply a consequence of 

reduced food intake (57).  It is possible that compounds that limit tumor lactate production might 

actually benefit cachexic patients if they reduce the futile Cori cycle through which the liver 

converts tumor lactate into glucose.  How SH-BC-893 administration affects whole body 

metabolism and cytokine levels merits further investigation.   
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As a single agent, SH-BC-893 acts like a combination therapy by targeting the multiple nutrient 

acquisition pathways that fuel cancer anabolism (17).  It will be important to test whether pairing 

SH-BC-893 with drugs that target oncogenic signal transduction pathways will increase efficacy.  

Our results provide a strong rationale for combining SH-BC-893 with PI3 kinase inhibitors (58).  

Akt activity increased in SH-BC-893-treated prostate tumors (Supplemental Figure 8C) most 

likely due to the loss of TORC1-dependent negative feedback in cells where SH-BC-893 

restricted access to amino acids.  Suppressing Akt activity while administering SH-BC-893 

might increase tumor growth inhibition or even cause tumor regression.  Combination with 

androgen signaling inhibitors might also be valuable; the studies shown in Figure 8I and J were 

performed in intact male mice.  Importantly, there are currently no other agents that can 

reconstitute the multifaceted effects of SH-BC-893.  While PIKfyve kinase inhibitors such as 

apilimod (59) might induce vacuolation, PIKfyve inhibition alone does not reduce surface 

transporter levels (Supplemental Figure 5D).  While Akt activates PIKfyve (60), Akt inhibitors do 

not induce vacuolation or transporter loss (data not shown and (17)).  Indeed, no agents other 

than sphingolipids coordinately down-regulate transporters for multiple nutrients.  Thus SH-BC-

893 is a unique, apical inhibitor of cancer metabolism that works by blocking parallel, partially 

redundant nutrient access pathways (17). 

 

The development of resistance limits the effectiveness of targeted therapies.  Because 

sensitivity to SH-BC-893 is linked to an intrinsic property of cancer cells, constitutive anabolism, 

rather than a particular genetic lesion, it may be more difficult for cancer cells to become 

resistant to the metabolic effects of SH-BC-893.  Indeed, individual oncogenic mutations were 

sufficient to limit the metabolic flexibility of nutrient-stressed cells and sensitize them to SH-BC-

893-induced death (Figure 2, D and E and Supplemental Figure 2, A and B).  The ability of SH-

BC-893 to simultaneously block four key pathways for nutrient acquisition (glucose and amino 

acid transporters, LDL receptors, macropinocytosis, and autophagy) also limits the options for 

41



 
 

acquired resistance.  These multifaceted actions should also reduce the ability of tumor 

heterogeneity to confer drug resistance as tumor cells with very different metabolic profiles are 

equally sensitive (Figures 2 and 8).  Although metabolic reprogramming may be unlikely to 

afford resistance, cancer cells could become insensitive to SH-BC-893 due to mutations in the 

target or downstream pathways.  Eliminating global PP2A activity is cell lethal and therefore not 

a viable resistance strategy.  However, cancer cells may acquire resistance by reducing the 

activity of the specific PP2A complexes activated by SH-BC-893.  Genetic alterations that limit 

vacuolation may also reduce sensitivity to SH-BC-893.  A cBioportal search revealed that 

Vac14, a protein that confers partial resistance to SH-BC-893 (Figure 7C-F), is amplified in 27% 

of breast cancer xenografts in one dataset, but amplification was not detected in primary patient 

breast tumors.  On the other hand, Vac14 is deleted in 3-6% of prostate tumors, which might 

conversely sensitize these cancers to SH-BC-893.  It is interesting that we were able to 

generate SW480, but not SW620, cells that stably over-expressed Vac14.  SW620 and SW480 

were isolated from the same patient, but SW480 cells were derived from the primary tumor site 

and SW620 from a lymph node metastasis.  It is possible that Vac14 over-expression is poorly 

compatible with mutations that confer tumor aggressiveness and metastatic potential.  

Identifying biomarkers that correlate with sensitivity and resistance to SH-BC-893 will help to 

clarify this issue.   

 

In conclusion, water-soluble and orally bioavailable vacuolating sphingolipid drugs like SH-BC-

893 could provide a cell biology- rather than biochemistry-based approach to targeting “cancer 

metabolism.”  Although optimization of pharmacological properties, formulation, dose, and 

schedule of administration is warranted, the water solubility, oral activity, micromolar trough 

levels, and accumulation in tumors suggest that SH-BC-893 has good drug-like properties and 

is worthy of further pre-clinical evaluation. 
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Figure 1: SH-BC-893 triggers nutrient transporter internalization mimicking starvation. (A) 

Structures of FTY720 and SH-BC-893.  (B) S1P1 receptor-driven GFP expression measured by flow 

cytometry in reporter MEFs after a 24 h incubation with indicated compounds at 2.5 µM.  (C) Surface 

4F2hc measured by flow cytometry in FL5.12 cells treated with 5 µM FTY720 or SH-BC-893 (893) or 10 

µM C2-ceramide.  (D) SH-BC-893-treated SW620 cells stained as indicated. Scale bar, 10 µm.  (E) 

Viability of Bcl-XL over-expressing FL5.12 cells treated as indicated +/- 5.5 mM methyl pyruvate or 2 mM 

dimethyl α-ketoglutarate (α-KG).  (F) Bound NADH fraction in MEFs treated with mitochondrial inhibitors 

(1 µM oligomycin or 1 µM rotenone and antimycin A), 1 mM  2-deoxyglucose (2-DG), 5 µM FTY720, or 

7.5 µM SH-BC-893 for 16 h.  For starvation, growth media was replaced with DMEM lacking glucose 

and amino acids supplemented with 10% dialyzed FCS.  Statistics comparing to respective control.  (G) 

Oxygen consumption rate (OCR) in MEFs treated with FTY720 or SH-BC-893 for 16 h measured by 

XF24 Extracellular Flux Analyzer.  Means +/- SEM.  Using Student’s unpaired, two-tailed t-test,  *, P 

<0.05; **, P <0.01; ***, P <0.001; n.s., not significant (P >0.05).  P-value was determined using Tukey's  

method  when correcting for multiple comparisons. Data are representative of at least 3 independent 

experiments.  
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Figure 2: SH-BC-893 selectively kills cancer cells.  (A) Viability of FL5.12 cells cultured in control 

medium (500 pg/ml IL-3) or adapted to low IL-3 (25 pg/ml) treated with 5 µM FTY720 or SH-BC-893.  

(B) Bound NADH fraction in FL5.12 cells cultured as in (A) and treated with FTY720 or SH-BC-893.  (C) 

Viability of the indicated cells treated with 5 µM SH-BC-893 for 72 h. Statistics comparing to vehicle.  

OP9 (murine bone marrow stromal cells) and primary MEF are non-transformed cells.  DLD-1, LS180, 

SW480, SW480, and SW620 are colon cancer cell lines.  MDA-MB-231 and PANC-1 are breast cancer 

and pancreatic cancer cell lines, respectively.  (D) Bound NADH fraction in control or K-RasG12D 

expressing MEFs treated with 1 mM  2-deoxyglucose (2-DG), starvation media (glucose and amino 

acids supplemented with 10% dialyzed FCS), or 7.5 µM SH-BC-893 for 16 h.  Statistics comparing to 

respective control.  (E) Viability of p53-/- MEFs that do or do not express K-RasG12D treated with 6 µM 

SH-BC-893.  (F) Colony formation by normal human PBMCs or SW620 CRC cells +/- SH-BC-893 at 

indicated doses. Means +/- SEM. (G-I) Subcutaneous SW620 tumor growth as measured by 

bioluminescence imaging (G), calipers (H), or tumor weight at sacrifice (I).  Because FTY720 and SH-

BC-893 were similarly potent in vitro (Figure 1C,E) (26), SH-BC-893 was given intraperitoneally at 10 

mg/kg for 7 d.  Based on BLI (G), the dose was increased to 20 mg/kg on day 8.  Means +/- S.D., n = 7 

mice per group.  Using Student’s unpaired, two-tailed t-test, *, P <0.05; **, P <0.01; ***, P <0.001; n.s., 

not significant (P >0.05).  P-value was determined using Tukey's  method when correcting for multiple 

comparisons.  In vitro data are representative of at least 3 independent experiments.  
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Figure 3: Sphingolipid-induced vacuolation resembles PIKfyve inhibition.  (A) HeLa cells treated 

as indicated with 25 µM C2-ceramide, 5 µM FTY720 or SH-BC-893, or 800 nM YM201636 for 6 h.  (B) 

Electron micrograph of an FL5.12 cell treated with FTY720 for 24 h. Scale bar, 2 µm or 0.2 µm in 

zoom.  (C) GFP-Rab7 expressing HeLa cells (top) or MEFs treated with FTY720 and stained as 

indicated.  Images of three separate cells are shown.  (D) EGFP-LC3-expressing MEFs treated with 

FTY720.  (E) P40Px-EGFP- or EFGP-TRPML1-expressing HeLa cells treated with YM201636 or 

FTY720 for 6 h.  (F) HeLa cells over-expressing PIKfyve, WT Vac14, mutant (L156R) Vac14 or 

TRPML1 treated with YM201636 or FTY720.  Means +/- SEM, n ≥ 3 independent experiments; ≥ 30 

cells per condition were analyzed per experiment.  Statistics comparing to respective control.  Using 

Student’s unpaired, two-tailed t-test,  **, P <0.01; ***, P <0.001; n.s., not significant (P >0.05).  P-value  

was determined using Tukey's  method to correct for multiple comparisons. Scale bar, 10 µm except 

(B).   
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Figure 4: SH-BC-893 and FTY720 disrupt PIKfyve localization but not its activity.  (A) In vitro 

kinase assay with purified FLAG-PIKfyve +/- 5 µM FTY720 or 800 nM YM201636.  Means +/- S.D. 

from 3 technical replicates.  (B) PI(3,5)P2 levels in HeLa cells treated with FTY720 expressed as a 

percentage of total phosphatidylinositol.  Bar, average from two independent experiments.  (C) 

mCitrine-PIKfyve or endogenous PIKfyve/Vac14 in HeLa cells treated with 800 nM YM201636 or 5 

µM FTY720 for 6 h.  (D) HeLa cells expressing low levels of mCitrine-PIKfyve and mCherry-

TRPML1 treated as indicated (800 nM YM201636, 5 µM FTY720 or SH-BC-893, 25 µM C2-

ceramide (C2-Cer), or 5 nM calyculinA (calyA)). Scale bar, 10 µm.  

46



Figure 5: SH-BC-893 and FTY720 activate PP2A to induce vacuolation.  (A) PP2A phosphatase 

activity was measured in FL5.12 cell lysates in the presence or absence of 50 µM C2-ceramide (cer) 

or dihydro-C2-ceramide (DHcer), 5 µM FTY720 or SH-BC-893 (893), or 5 nM calyculinA (calyA). (B-

C) Surface 4F2hc (B) or vacuolation (C) in FL5.12 cells pre-treated with vehicle or 5 nM calyA or 

HeLa cells expressing vector or SV40 small t antigen treated as indicated. Means +/- SEM. Using 

Student’s unpaired, two-tailed t-test, *, P <0.05; **, P <0.01; ***, P <0.001; n.s., not significant (P 

>0.05).  P-value was determined using Tukey's  method when correcting for multiple comparisons.  

Data are representative of at least 3 independent experiments. Scale bar, 10 µm.  
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Figure 6: SH-BC-893 reduces autophagic flux and macropinosome degradation.  (A) Control or 

Vac14 over-expressing HeLa cells treated with 25 µM chloroquine (CQ) +/- 5 µM FTY720, stained for 

LC3 and LAMP1, and evaluated by confocal microscopy.  (B-C) Quantification of LC3/LAMP1 co-

localization (B) and total LC3 puncta (C) in cells treated with CQ +/- FTY720, SH-BC-893, or 800 nM 

YM201636 for 6 h.  Means +/- SEM, n ≥ 35 cells evaluated per condition.  (D) Vector or Vac14 over-

expressing HeLa cells were nutrient-stressed in DMEM lacking amino acids and glucose in the 

presence or absence of 5 µM FTY720 or SH-BC-893 and stained for WIPI2.  (E) Quantification of 

WIPI2 puncta.  Means +/- SEM, n ≥ 50 cells evaluated per condition.  Statistics comparing to 

respective low nutrient control where not indicated.  (F) HeLa cells over-expressing Vac14 treated 

with 5 µM FTY720 for 6 h.  (G-H) Dextran uptake in p53-/-;LSL-K-RasG12D MEFs before (LSL) or 

after (KRasG12D) introduction of Cre +/- the macropinocytosis inhibitor EIPA, SH-BC-893, or 

YM201636 (G).  Co-localization of dextran and Lysotracker Red (H) was determined using ImageJ.  

Means +/- SEM shown, n ≥ 15 cells evaluated per condition. Using Student’s unpaired, two-tailed t-

test, *, P <0.05; **, P <0.01; ***, P <0.001; n.s., not significant (P >0.05).  P-value was determined 

using Tukey's  method when correcting for multiple comparisons. Scale bar, 20 µm.   
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Figure 7: Vacuolation enhances the anti-neoplastic effects of SH-BC-893 in vitro and in vivo.  

(A-B) Viability of HeLa (A), or SW620 (B) cells treated with DMSO, 800 nM YM201636, 25 µM C2-

ceramide, or with YM201636 + C2-ceramide.  (C-D) Viability of control or Vac14 over-expressing cells 

treated with FTY720 or C2-ceramide.  Means +/- SEM. (E) Vacuolation evaluated by brightfield 

microscopy in SW480 tumors from mice treated with vehicle (water) or 60 mg/kg SH-BC-893 by 

gavage daily for 18 d.  Scale bar, 10 µm.  (F) Tumor weight at sacrifice.  P = 0.06 between vehicle and 

SH-BC-893-treated vector groups.  Means +/- S.D., n ≥ 7 mice per group. Using Student’s unpaired, 

two-tailed t-test, *, P <0.05; **, P <0.01; ***, P <0.001; n.s., not significant (P >0.05).  In vitro data are 

representative of at least 3 independent experiments.  
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Figure 8: SH-BC-893 starves PTEN-/- prostate cancer cells.  (A) Bound NADH fraction in MEF or 

mPCE.  Means +/- SEM, n ≥ 50 cells evaluated per condition.  (B) Viability of MEF or mPCE in 

starvation media (DMEM lacking glucose and amino acids supplemented with 10% FBS).  (C) Viability 

of mPCE treated with 5 µM SH-BC-893 +/- 11 mM methyl pyruvate or 7 mM dimethyl α-ketoglutarate 

(α-KG).  Means +/- SEM. (D) mPCE cells treated with 5 µM SH-BC-893 stained for 4F2hc.  (E) Dil-LDL 

bound to surface LDL receptors of mPCE cells maintained at 4°C.  Means +/- SEM from n ≥ 80 cells 

per condition.  (F-G) Dil-LDL uptake and lysosomes in mPCE treated with SH-BC-893 or YM201636.  

Quantification of total Dil-LDL area (F) and co-localization between Dil-LDL and LysoBlue (G).  Means 

+/- SEM from n ≥ 30 cells per condition.  (H) mPCE cells treated with SH-BC-893 for 3 h imaged using 

coherent anti-Stokes Raman Spectroscopy (CARS) to detect lipid droplets.  Means +/- SEM from n = 5 

fields.  (I) Growth of mPCE subcutaneous isografts measured by calipers.  n = 7 per group.   (J) Mean 

weight of autochthonous prostate tumors at sacrifice.  n = 9 for vehicle and 60 mg/kg SH-BC-893 

group; n = 8 for 120 mg/kg group.  Mann-Whitney U test was used to compare treated mice with 

controls.  Scale bar, 20 µm.  Student’s unpaired, two-tailed t-test was used in all panels except (J).  

Statistics comparing to respective controls where not indicated. *, P <0.05; **, P <0.01; ***, P <0.001; 

n.s., not significant (P >0.05).  P-value was determined using Tukey's  method when correcting for 

multiple comparisons.  
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Figure 9: Vacuolating sphingolipid SH-BC-893 targets primary and adaptive pathways for 

nutrient acquisition.  Like ceramide, the synthetic sphingolipid SH-BC-893 activates protein 

phosphatase 2A (PP2A) to down-regulate nutrient transporters.  In addition, SH-BC-893 activates a 

second PP2A complex, PP2A’ that is not affected by ceramide.  Activation of PP2A’ leads to mis-

localization of PIKfyve and PI(3,5)P2, reducing lysosomal fusion reactions.  Because PI(3,5)P2 is 

membrane-anchored and cannot diffuse to its target, loss of PI(3,5)P2 (YM201636 treatment) and 

PI(3,5)P2 mis-localization (SH-BC-893 treatment) produce similar phenotypes.  While ceramide limits 

access to extracellular nutrients, SH-BC-893 blocks access to both extracellular and intracellular 

nutrients.  Substrate limitation in the context of oncogene-driven anabolism is lethal while non-

transformed cells can make adaptive metabolic changes that allow them to survive nutrient stress. 
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MATERIALS AND METHODS 

Cell culture and reagents.  OP9, DLD-1, SW48, SW620, MDA-MB-231, PANC-1, HOS, MG-

63, and Zr75-1 cells were obtained from the ATCC.  SW480 cells were provided by Marian 

Waterman (UCI, Irvine CA), HeLa cells by Christine Sütterlin (UCI, Irvine CA), LS180 cells by 

Bruce Blumberg (UCI, Irvine CA) and FL5.12 cells by Craig Thompson (Memorial Sloan 

Kettering Cancer Center, New York, NY).  p53-/-;LSL-KRasG12D MEFs with and without Cre-

mediated deletion of the STOP cassette were kindly provided by Dr. David Tuveson (Cold 

Spring Harbor Laboratory, Cold Spring Harbor NY).  Primary p53+/+;PTEN+/+,  p53-/-;PTEN+/+, 

and p53-/-;PTEN-/- MEFs were generated in-house from embryos from C57BL/6 mice using 

standard techniques.   mPCE cells generated from p53-/- PTEN-/- mouse prostate tissue were 

maintained in DMEM with 10% FBS, 25 µg/ml bovine pituitary extract, 5 µg/ml bovine insulin 

and 6 ng/ml recombinant human epidermal growth factor.  FL5.12 cells were maintained in 

RPMI 1640 medium supplemented with 10% fetal calf serum (FCS), 10 mM HEPES, 55 µM 2-

mercaptoethanol, antibiotics, 2 mM L-glutamine, and 500 pg/ml rIL-3.  FL5.12 cells were 

adapted to grow in 25 pg/ml IL-3 by gradually reducing the IL-3 concentration over 2 wk of 

culture.  DLD-1 and Zr75-1 cells were cultured in the same media as FL5.12 but without IL-3.  

HeLa, OP9, MG-63, and MEF cells were cultured in DMEM with 4.5 g/L glucose and L-

glutamine supplemented with 10% FCS and antibiotics.  Starvation medium was produced by 

making DMEM lacking amino acids and glucose from chemical components and supplementing 

with 10% dialyzed FCS.  LS180, SW48, PANC-1, MDA-MB-231, SW480, and SW620 cells were 

cultured in DMEM supplemented with 10% FCS, antibiotics, and 1 mM sodium pyruvate.  Cell 

viability was measured by vital dye exclusion using either propidium iodide or DAPI at 1 μg/ml.  

Analysis of cell surface 4F2hc levels with PE-conjugated anti-CD98 was restricted to viable cells 

as determined by DAPI exclusion.  Anchorage-independent growth of SW620 cells was 

measured in DMEM-10 containing 0.35% low melt agarose with a 0.5% agarose bottom layer.  

PBMCs were obtained from the normal blood donor program run by the CTSA-supported 
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Institute for Clinical and Translational Science at UCI under IRB protocols 2015-1883 (Edinger) 

and 2001-2058 (ICTS).  P40Px-EGFP plasmid was provided by Seth Field (UCSD, San Diego), 

mCherry-Vac14WT and mCherry-Vac14L156R plasmids by Thomas Weide (University Hospital 

of Muenster, Germany), mCherry-TRPML1, EGFP-TRPML1, and mCherry-ML1N*2 plasmids by 

Haoxing Xu (University of Michigan, Ann Arbor), and PIKfyve and Vac14 shRNA by Anand 

Ganesan (UCI, Irvine). 

 

Light Microscopy. Brightfield and epifluorescence microscopy were conducted using a Nikon 

TE2000-S fluorescence microscope; confocal microscopy was performed on a Zeiss LSM780 

confocal microscope or Nikon Eclipse Ti spinning disk confocal microscope.  Antibodies were 

obtained from: Murine 4F2hc (cat# 128208) and Lamp1 (cat# 53-1079-42) from eBioscience; 

human 4F2hc (cat# 556077) from BD Biosciences; human GLUT1 (cat# NB300-666) from 

Novus Biologicals; LC3 (cat# 4108) from Cell Signaling Technology; PIKfyve (cat# 4082) from 

Tocris; Vac14 (cat# SAB4200074) from Sigma-Aldrich; WIPI2 (cat# LS-C154557-100) from 

Lifespan Biosciences.  Co-localization was determined using JACoP plugin in ImageJ software.  

Macropinocytosis was measured after 16 h incubation in serum-free DMEM. p53-/-;LSL-K-

RasG12D MEFs before (LSL) or after (KRasG12D) introduction of Cre were serum starved for 

16 h and then treated with macropinocytosis inhibitor 5-(N-ethyl-N-isopropyl) amiloride (EIPA, 

75 μM) for 1 h or SH-BC-893 for 6 h.  Oregon Green dextran (Life Technologies, cat# D7173) (1 

mg/mL) and Lysotracker Red (Life Technologies, cat# L-7525) (1:2,000 dilution) were added for 

30 min and live cells were evaluated on the spinning disc confocal microscope.  For Dil-LDL 

uptake, mPCE were incubated in media with 10% charcoal-stripped serum for 24 h then 

incubated with 20 µg/ml Dil-LDL (Life Technologies, cat# L3482) +/- SH-BC-893 for 6 h and 

Lysotracker Blue (Life Technologies, cat# L-7525), for 30 min.  To detect surface LDL receptors, 

Dil-LDL was added at 4°C to mPCE cells treated with SH-BC-893 for 3 h or cells were stained 

with LDL receptor antibody (R&D Systems, cat#AF2255).  SW480 tumors were excised and 
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fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 and stored in the dark at 4°C 

until embedding.  Tumor samples were processed by the Pathology Research Services Core 

Facility at UC Irvine.  

 

Electron microscopy. FL5.12 cells treated with FTY720 were fixed with 2.5% 

glutaraldehyde/2.5% formaldehyde in 0.1 M sodium cacodylate buffer and stored at 4°C until 

embedding.  Cells were post-fixed with 1% osmium tetroxide, serially dehydrated, embedded in 

eponat12 resin, ultra-thin sections cut, mounted on grids, and stained with uranyl acetate and 

lead citrate.  Samples were analyzed on a Philips CM10 transmission electron microscope.  

Representative images are shown from two independent experiments.   

 

In vivo studies. Experiments conducted in mice were performed in accordance with the 

Institutional Animal Care and Use Committee of University of California, Irvine following a power 

analysis conducted in consultation with the Biostatistics Shared Resource of Chao Family 

Comprehensive Cancer Center at UCI.  Xenografts were produced by injecting 5 million cells 

subcutaneously in the flank of 10-16 week-old male or female NSG mice.  Prostate isografts 

were produced in the same manner but in male 6-8 wk old C57BL/6 mice.  Once tumors 

reached 100 mm3, SH-BC-893 was administered by intraperitoneal (i.p.) injection or oral gavage 

as indicated.  Tumor volume was calculated using the formula, volume (mm3) = length [mm] x 

(width [mm])2 x 0.52; BLI was measured using an IVIS imaging system (Xenogen).  To generate 

pDKO mice on the C57BL6 background, Ptenflox mice (stock No. 0045597) and p53flox mice 

(stock No. 008462) were obtained from the Jackson Laboratory and PB-Cre4 mice (strain 

#01XF5) were obtained from the NCI-Frederick Mouse Repository.  Age-matched cohorts of 

pDKO males were generated by in vitro fertilization executed with the assistance of the 

Transgenic Mouse Facility at UC Irvine.  Treatment was begun at 6-7 wks of age.  Tumor weight 

was determined by isolating the complete genitourinary (GU) tract of pDKO mice and 
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subtracting the average weight of a normal GU tract from age-matched mice (n=3) after it was 

determined that SH-BC-893 treatment of normal mice did not alter GU tract weight (n=3).  

Tumor samples were processed and imaged by the Pathology Research Services Core Facility 

at UC Irvine.  Blood chemistry was analyzed by IDEXX BioResearch and complete blood counts 

were performed using a Hemavet hematology system.   

 

NADH Fluorescence Lifetime Imaging Microscopy (FLIM). Lifetime images were acquired 

using a Zeiss 780 microscope coupled to a Ti:Sapphire laser system (Spectra-Physics Mai Tai).  

The excitation wavelength was 740 nm and a dichroic filter (690 nm) was used to separate the 

fluorescence signal from the laser light.  A 63X 1.15 water immersion objective was used.  

Image acquisition settings were: image size of 256 x 256 pixels and scan speed of 25.21 

µsec/pixel.  The fluorescence was detected by a hybrid detector (HPM-100 Hamamatsu).  Data 

was collected until 100 counts in the brightest pixel of the image were acquired.  The FLIM 

system was calibrated during each imaging session by measuring the fluorescence decay of 

fluorescein with a single exponential of 4.04 nsec.  Phasor transformation of FLIM images and 

analysis of the average lifetime in single cells were done as described previously (30,35,36).  

Data was processed by the SimFCS software developed at the Laboratory of Fluorescence 

Dynamics at UCI.  The nucleus was excluded when determining the bound NADH fraction.  

Means +/- SEM are shown, n ≥ 45 cells from two independent experiments. 

 

Coherent anti-Stokes Raman Spectroscopy (CARS).  The CARS imaging system is 

described in detail in (61).  Cells were fixed with 4% formaldehyde and imaged with a 60X water 

objective. The laser power on the sample was at 10 mW with 10 ms pixel dwell time.  The lipid 

droplet area was estimated from CARS images using a customized Matlab program.  Four 

components Otsu thresholding method was used to separate the lipid droplets, cell cytoplasm, 
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cell nucleus and the background. The lipid droplet area was defined as the number of pixels 

covered by lipid droplets over the number of pixels covered by cytoplasm.   

 

PIKfyve in vitro kinase assay. FLAG-PIKfyve was expressed in HEK293T cells, purified with 

FLAG-beads, and eluted with FLAG peptides.  PI3P and phosphatidylserine (C16) liposomes 

were generated by sonication in 2X lipid mixture buffer [40 mM Tris-HCl (pH 7.4), 200 mM NaCl, 

1 mM EGTA] with or without FTY720.  FLAG-PIKfyve and lipid mixtures were incubated with 

Mg2+-ATP solution [6.5 mM HEPES (pH 7.3), 2.5 mM MnCl2, 10 mM MgCl2, 1 mM β-

glycerophosphate, 0.1 mM ATP and [32P]-γ-ATP] for 15 min at RT. The reaction was stopped by 

adding 4 M HCl, and phosphoinositides were extracted with methanol/chloroform (1:1).  

Phosphoinositides were spotted on silica thin-layer chromatography plates and separated with 2 

M acetic acid/1-propanol (35:65).  Membranes were dried, exposed to a Phospho Imager, and 

the counts from PI(3,5)P2 spots quantified with ImageQuant. 

 

Measurement of PI(3,5)P2 by HPLC. HeLa cells were rinsed twice with PBS and incubated in 

for 48 h in inositol labeling medium (inositol-free DMEM containing 5 µg/ml transferrin, 5 µg/ml 

insulin, 10% dialyzed FCS, 20 mM HEPES, 2 mM L-glutamine), and 10 µCi/ml myo-[2-

3H]inositol.  Cells were lysed with 4.5% perchloric acid, scraped, and centrifuged at 14,000 x g 

for 10 min at 4°C.  Cell pellets were rinsed with 100 mM EDTA, centrifuged again, and re-

suspended in 50 µl of water.  To deacylate lipids, 1 ml methanol/40%methylamine/butanol 

(45.7% methanol, 10.7% methylamine, 11.4% butanol) were added and then the mixture was 

transferred to a glass vial and incubated at 55°C for 1 h.  After cooling to room temperature, 

samples were vacuum dried and re-suspended in 0.5 ml water.  Lipids were extracted twice with 

an equal volume of butanol/ethyl ether/ethyl formate (20:4:1).  The aqueous phase was vacuum 

dried and re-suspended in 75 μl water and 50 μl of each sample was analyzed by HPLC.  

PI(3,5)P2 levels were expressed as a percentage of total phosphatidylinositol. 
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PP2A phosphatase activity.  PP2A activity was measured using a PP2A immunoprecipitation 

phosphatase assay kit (EMD Millipore). Briefly, the catalytic subunit of PP2A was 

immunoprecipitated from FL5.12 cell lysates with 4 µg anti-PP2A, C subunit.  After four washes, 

the activity of immunoprecipitated PP2A was assessed by dephosphorylation of the 

phosphopeptide according to the manufacturer’s instructions in the presence or absence of C2-

ceramide, dihydro-C2-ceramide, FTY720, SH-BC-893, or calyculinA.  

  

Mass spectrometry quantification of SH-BC-893.  As an internal standard, 75 ng FTY720 

was added to 50 µl plasma or 50 μl of tumor homogenate (0.25 M sucrose, 25 mM KCl, 50 mM 

Tris HCl, 0.5 mM EDTA, pH 7.4; 1:9 wt:volume) combined 1:1 with acetonitrile.  Proteins were 

precipitated and removed by centrifugation (10 min at 15,000 rpm) and the supernatant 

transferred to a fresh tube on ice containing 50 μl of acetonitrile + 0.2% acetic acid.  After a 

second de-proteination with acetonitrile + 0.2% acetic acid, 20 µl of de-proteinated samples 

were analyzed by UPLC-MS/MS using a Waters Micromass Quattro Premier XE equipped with 

a C18 reversed phase column (Waters) with an acetonitrile + 0.2 % acetic acid gradient elution.  

The instrument was operated in positive ion mode.  Ion transition channels for multiple reaction 

monitoring were 290 → 104 for SH-BC-893 with a dwell time of 200 msec. The cone voltage 

was 30V.  Standard curves used for quantitation were linear from 50 – 1000 ng/ml with an R2 of 

0.98 or greater. Recovery of internal standard was >80%.  Tumor concentrations were 

calculated assuming that 1 gm  = 1 mL.   

 

Statistical methods and data analysis. Significance was determined using a paired t-test for a 

single pairwise comparison.  Tukey's method was utilized and adjusted p-values are reported 

where multiple comparisons were made.  In tumor studies where data was not normally 
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distributed, a Mann-Whitney U test was used to compare treated mice with controls. *, P <0.05; 

**, P <0.01; ***, P <0.001; n.s., not significant (P >0.05).  For lipid droplet area in CARS 

experiments, the mean values between the control and experiment groups were compared with 

a two-tailed ANOVA.  

 

Study approval.  Experiments conducted in mice were performed in accordance with the 

Institutional Animal Care and Use Committee of University of California, Irvine.  PBMCs were 

obtained from the normal blood donor program run by the CTSA-supported Institute for Clinical 

and Translational Science at UCI under IRB protocols 2015-1883 (Edinger) and 2001-2058 

(ICTS).  
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ABSTRACT 

All cancer cells import nutrients using surface transporters and receptors, but tumor cells with 

activating mutations in Ras also acquire exogenous amino acids via macropinocytosis.  Here we 

report that prostate cancer cells deficient in the PI(3,4,5)P3 3’-phosphatase PTEN also exhibit 

constitutive macropinocytosis that promotes survival and proliferation in low-nutrient 

environments.  AMPK activation was necessary and sufficient for macropinocytosis in PTEN-

deficient, but not PTEN-replete, cells.  While albumin supplementation restored amino acid-

dependent mTORC1 activity in nutrient-restricted PTEN-deficient prostate cancer cells, albumin 

was also taken up independent of macropinocytosis.  In contrast, prostate cancer cells 

internalized necrotic cell debris solely via macropinocytosis.  Macropinocytosed cellular corpses 

were converted into protein and lipid biomass, supporting prostate cancer proliferation in 

nutrient-deficient medium.  Constitutive macropinocytosis was observed when patient-derived 

prostate cancer samples were maintained in organoid culture systems or as subcutaneous 

xenografts.  Autochthonous tumors in mice lacking PTEN and p53 in the prostate also exhibited 

macropinocytosis in situ.  As inhibiting macropinocytosis with EIPA profoundly inhibited prostate 

tumor growth, macropinocytosis could be a viable target for anti-metabolic therapies in a 

broader array of cancers than previously thought.  Moreover, the catabolism of necrotic cell 

corpses to support tumor cell division suggests a novel explanation for the negative correlation 

between tumor necrosis and prognosis in multiple solid tumor classes characterized by 

mutations that stimulate macropinocytosis.   
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INTRODUCTION 

Cancer cells up-regulate nutrient acquisition pathways in order to fuel oncogene-driven 

anabolism and proliferation (1–3).  LDL and transferrin receptors and transporters for glucose 

and amino acids are all expressed on tumor cells, and high expression levels of these nutrient 

import proteins is uniformly a negative prognostic indicator associated with aggressive and 

metastatic disease (1,2).  However, as tumors grow, their abnormal vasculature results in the 

development of extracellular nutrient limitation rendering these nutrient import pathways unable 

to meet nutrient demand, eventually leading to tumor necrosis(4).  Recent studies have shown 

that macropinocytosis, a process by which cells non-specifically engulf extracellular materials 

via plasma membrane ruffling, allows nutrient-limited cancer cells to convert extracellular 

proteins such as albumin into amino acids to support survival and proliferation in poorly 

perfused areas (5–7).  To date, macropinocytosis has only been reported in cancer cells with 

activating mutations in Ras.  However, signaling through the epidermal growth factor receptor 

(EGFR) drives transient macropinocytosis in vitro (8); whether oncogenic forms of the EGFR or 

related receptor tyrosine kinases support constitutive macropinocytosis has not been assessed.  

Similarly, while Ras-driven macropinocytosis depends on PI 3-kinase activation (5,9,10), 

whether activation of the PI 3-kinase pathway through alternative mechanisms is sufficient to 

stimulate macropinocytosis has not been studied in cancer cells.  

 

PI(3,4,5)P3 produced by type I PI 3-kinases accumulates at sites of macropinosome formation 

where it recruits pleckstrin homology domain-containing Rac1 guanosine nucleotide exchange 

factors (GEFs) (11).  Subsequent Rac1 activation induces the actin remodeling and membrane 

ruffling necessary to form macropinosomes.  Both PI(3,4,5)P3 and Rac1-GTP are essential for 

the initiation of macropinocytosis, and inhibition of either pathway ablates macropinosome 

formation (5,11,12).  The PI 3-kinase inhibitors wortmannin and LY29400 inhibit 

macropinocytosis, but are non-specific and disrupt all PI(3,4,5)P3-dependent phenotypes(11).  A 
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more selective and commonly used macropinocytosis inhibitor is 5-(N-ethyl-N-isopropyl) 

amiloride (EIPA).  EIPA inhibits Rac1 activation indirectly by reducing the submembranous pH 

(13).  At present, no lipids or proteins have been identified that function solely in 

macropinocytosis and only selective, rather than specific, inhibitors are available.   

 

The lipid phosphatase PTEN opposes PI 3-kinase pathway signaling by converting PI(3,4,5)P3 

to PI(4,5)P2 (14).  PTEN is the most frequently deleted tumor suppressor gene in prostate 

cancer, but is also commonly lost or mutated in breast, lung, and endometrial cancer and in 

glioblastoma (15–26).  Monoallelic PTEN deletion occurs in up to 60% of localized prostate 

cancers and complete loss of PTEN is commonly associated with increased risk of metastasis 

and the development of lethal, castration resistant disease (26,27).  Given the critical role for PI 

3-kinase activation in macropinocytosis, we evaluated whether PI 3-kinase pathway activation 

downstream of PTEN loss could allow prostate cancer cells to withstand nutrient deprivation by 

stimulating macropinocytosis.  Here we report that PTEN-deficient prostate cancer cells exhibit 

constitutive macropinocytosis and demonstrate that necrotic cell debris present in late stage and 

aggressive tumors can fuel the survival and proliferation of nutrient-deprived prostate cancer 

cells following uptake via macropinocytosis.   
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RESULTS 

PTEN loss promotes macropinocytosis under nutrient limiting conditions. Oncogenic 

mutations constitutively drive anabolism and limit metabolic flexibility under nutrient stress (28).  

Nevertheless, tumor cells with activating mutations in Ras are resistant to amino acid 

deprivation.  Since Ras activation drives macropinocytosis, these tumor cells can proliferate 

despite amino acid depletion because macropinocytosed proteins are converted into amino 

acids in the lysosome and then exported to the cytoplasm (6,7).  Consistent with the critical role 

of PI 3-kinase activation for macropinocytosis downstream from Ras (5,11), PTEN null murine 

embryonic fibroblasts (PTEN KO MEFs) exhibited striking resistance to amino acid and glucose 

withdrawal compared to PTEN-replete (wild type,WT) MEFs (Figure 1A).  To directly test 

whether PTEN deletion is sufficient to stimulate macropinocytosis, the uptake of fluorescently 

labeled 70 kD dextran was measured in PTEN wild type (WT) and KO MEFs in the presence or 

absence of the selective macropinocytosis inhibitor, EIPA.  Intriguingly, neither PTEN WT nor 

PTEN KO MEFs took up dextran in complete medium.  However, combined amino acid and 

glucose deprivation dramatically enhanced dextran uptake selectively in PTEN KO MEFs 

(Figure 1B).  Dextran uptake was EIPA-sensitive confirming its internalization via 

macropinocytosis.  Inhibiting PI 3-kinase in PTEN KO MEFs with a combination of the PI 3-

kinase alpha and beta inhibitors BYL719 and AZD8186 blocked macropinocytosis in low nutrient 

conditions (Supplemental Figure 1A).  Conversely, acutely inhibiting PTEN with Bpv(pic) 

stimulated macropinocytosis in PTEN WT MEFs when cells were placed under nutrient stress 

(Supplemental Figure 1B).  These results indicate that PI 3-kinase pathway activation resulting 

from PTEN loss is sufficient to promote macropinocytosis selectively under nutrient-limiting 

conditions. 

 

Ras-driven macropinocytosis confers on MEFs the ability to survive and even proliferate under 

nutrient limiting conditions (6,7).  To determine whether macropinocytosis was responsible for 
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the enhanced survival of PTEN KO MEFs upon nutrient restriction (Figure 1A), the sensitivity of 

PTEN KO MEFs to EIPA in complete and low-nutrient medium was measured.  EIPA was not 

toxic to MEFs in complete medium; however, blocking macropinocytosis with EIPA fully 

reversed the survival advantage of PTEN KO MEFs in low nutrients (Figure 1B,C).  Albumin, the 

most abundant protein in blood plasma (29–31), can supply amino acids to macropinocytic K-

RasG12D-expressing cells maintained in amino acid-deficient medium (6,7).  Fatty acid-free 

bovine serum albumin (BSA) also promoted proliferation in amino acid- and glucose-deprived 

PTEN KO MEFs (Figure 1D).  As the addition of 2% BSA to nutrient-deprived PTEN WT MEF 

cultures also enhanced proliferation in the absence of detectable macropinocytosis (Figure 1B 

and D), receptor-mediated BSA endocytosis likely contributes to BSA uptake in these MEFs 

(30,31).  Taken together, these studies demonstrate that PI 3-kinase pathway activation upon 

PTEN deletion drives macropinocytosis that fuels survival and proliferation in nutrient-deficient 

medium.  

 

AMPK activation is necessary for the induction of macropinocytosis in PTEN-deficient 

cells.  Previous studies concluded that PTEN knockdown did not confer a survival or 

proliferative advantage on leucine-deprived MEFs (7).  A key difference between this report and 

the experiments shown in Figure 1 is that here PTEN KO MEFs were subjected to combined 

glucose and amino acid limitation with the intention of more accurately mimicking the 

generalized nutrient stress expected in poorly perfused tumor tissues.  As reported previously 

for knockdown cells (7), PTEN KO MEFs lacked proliferative advantage when deprived only of 

amino acids (Figure 2A).  Intriguingly, PTEN KO MEFs proliferated more when both glucose and 

amino acids were withdrawn than when only amino acids were depleted (Figure 2A).  Cells 

sense and respond to nutrient stress through several signaling pathways (32).  While mTORC1 

activity is regulated by amino acid levels (32), AMPK is activated by the increase in AMP and 

ADP levels that accompanies glucose deprivation (33).  Given that glucose deprivation 
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stimulated proliferation in amino acid-deficient medium (Figure 2A) and prior observations that 

AMPK is essential for the macropinocytosis-dependent entry of Ebola and vaccinia viruses 

(34,35), we hypothesized that AMPK activation by glucose restriction is necessary to stimulate 

macropinocytosis in PTEN-deficient cells.  Consistent with this model, amino acid deprivation 

alone failed to stimulate macropinocytosis in PTEN KO MEFs, while glucose depletion in the 

presence of amino acids robustly stimulated macropinocytosis to a similar degree as combined 

glucose and amino acid deprivation (Figure 2B).  To directly test the importance of AMPK 

activation, the effect of the allosteric AMPK activator, A769662, on macropinocytosis was 

evaluated.  A769622 stimulated macropinocytosis in complete medium selectively in PTEN KO 

MEFs demonstrating that both AMPK activation and PI 3-kinase pathway activation are 

necessary for macropinocytosis induction in MEFs (Figure 2C).  Consistent with this, A769622 

could also substitute for glucose deprivation in driving PTEN KO MEF proliferation in amino 

acid-deficient medium (Figure 2A).  Conversely, the selective AMPK inhibitor Compound C 

inhibited macropinocytosis in PTEN KO MEFs in low nutrients (Figure 2C).  Because Compound 

C also affects other targets (36), a genetic approach was also employed.  MEFs lacking both 

AMPK catalytic subunits (37) failed to exhibit macropinocytosis in low nutrients following 

CRISPR/Cas9-mediated PTEN deletion although robust dextran uptake was observed following 

CRISPR deletion of PTEN from matched AMPK WT MEFs (Figure 2D and Supplemental Figure 

1C).  Together, these results suggest that AMPK activation, rather than mTORC1 inactivation, 

provides the stimulus for macropinocytosis in PTEN-deficient cells in low nutrient medium.  

Consistent with this model, the mTORC1 inhibitor rapamycin failed to induce macropinocytosis 

(Supplemental Figure 1D).  In nutrient stressed PTEN KO MEFs, rapamycin did not enhance 

macropinocytosis or macropinosome-lysosome fusion (Supplemental Figure 1D).  In summary, 

these results demonstrate that nutrient stress stimulates macropinocytosis in PTEN-deficient 

cells by activating AMPK and that AMPK activation stimulates proliferation rather than inducing 

quiescence and catabolism under nutrient-limiting conditions.  
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PTEN-deficient prostate cancer cells exhibit constitutive macropinocytosis.  At diagnosis, 

the majority of prostate tumors exhibit PTEN deficiency or mutation, and complete loss of PTEN 

is closely linked to the castration resistance and metastasis that render prostate cancer a lethal 

disease (26,38).  K-Ras-driven macropinocytosis promotes the growth of pancreatic tumors 

(6,7), and thus macropinocytosis may supply PTEN-deficient prostate cancers with fuel for 

biosynthesis and growth.  For initial in vitro studies, human prostate cancer cells with PTEN 

deletion (PC3, LNCaP) or mutation (DU145) were utilized as well as mouse prostate cancer 

epithelial (mPCE) cells derived from PTENflox/flox;tp53flox/flox;PB-Cre4 mice, an established model 

for castration-resistant prostate cancer (CRPC) (39).  These PTEN-deficient prostate cancer cell 

lines uniformly exhibited robust, EIPA-sensitive dextran uptake in complete medium (Figure 3A). 

In contrast, the immortalized but non-transformed PTEN-replete prostate epithelial cell line 

RWPE-1 did not exhibit macropinocytosis (Figure 3B).  Macropinocytosis was not enhanced in 

prostate cancer cells lines by nutrient deprivation or exposure to A769622 (Figure 3A and 

Supplemental Figure 1E).  Consistent with the observation that PTEN loss is necessary for 

AMPK activation to induce macropinocytosis (Figure 2C), RWPE-1 cells did not take up dextran 

in low nutrient medium (Figure 3B).  These results suggest that prostate epithelial cells are not 

macropinocytic cells, and that macropinocytosis is a cancer-associated phenotype that stems 

from the loss of PTEN function.  Confirming that macropinocytosis in prostate cancer cells 

depends on PTEN inactivation, reconstituting prostate cancer cells with PTEN blocked dextran 

uptake (Figure 3C).  AMPK activation was also necessary for macropinocytosis in prostate 

cancer cells.  Compound C blocked macropinocytosis as did expression of a dominant-negative 

AMPK mutant (Figure 3C,D).  In summary, both PTEN inactivation and AMPK activation are 

necessary to induce macropinocytosis in prostate cancer cell lines.   

 

Macropinocytosis supports prostate cancer cell survival and growth in low nutrients.   

Macropinocytosis allows pancreatic cancer cells with activating mutations in Ras to grow in 
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nutrient-limiting conditions (6,7).  To assess whether macropinocytosis affords a similar 

advantage to PTEN-deficient prostate cancer cells, cell survival in low-nutrient or complete 

medium was monitored in the presence or absence of two agents that block macropinocytosis, 

EIPA or the allosteric Rac1 inhibitor, EHT1864 (40) (Figure 4A and Supplemental Figure 2A).  

Consistent with their high macropinocytic levels (Figure 3A), mPCE, PC3, and DU145 prostate 

cancer cells were resistant to death induced by nutrient deprivation similar to PTEN KO MEFs 

(Figures 1A and 4A).  This survival advantage depended on macropinocytosis.  Both EIPA and 

EHT-1864 dramatically reduced prostate cancer cell survival selectively in low nutrient medium 

(Figure 4A).  The observation that EIPA and EHT-1864 are relatively non-toxic in complete 

medium demonstrates that, while macropinocytosis likely provides fuel for biosynthesis under 

standard culture conditions, it is only essential for survival upon nutrient deprivation.   

 

Albumin is the most abundant serum protein and accumulates in tumors making it a physiologic 

fuel for macropinocytosis assays (29,31).  In cells with activated Ras, supplementation of the 

medium with BSA is necessary to fully demonstrate the contribution macropinocytosis makes to 

proliferation in amino acid-deficient medium.  Addition of 2% BSA to low nutrient medium 

increased proliferation in mPCE, PC3 and DU145 cells as expected (Figure 4B).  However, at 

concentrations that completely blocked dextran uptake, EIPA only partially reduced BSA uptake 

in prostate cancer cells (Figure 4C).  Macropinocytosis-independent uptake of BSA in prostate 

cancer cells is consistent with the observation that the proliferation of non-macropinocytic PTEN 

WT MEFs was stimulated by BSA (Figure 1D).  Scavenger receptors that promote BSA uptake 

via receptor-mediated endocytosis are expressed on the surface of many tumor cells (29,31,41).   

The efficient uptake of BSA through macropinocytosis-independent mechanisms precludes the 

use of BSA to demonstrate that proteins taken up via macropinocytosis contribute to prostate 

cancer cell biomass and support proliferation.  We therefore sought to define a specific, 
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physiologically relevant macropinocytic cargo that was taken up in a fully EIPA-sensitive 

manner.   

 

As tumors grow, tortuous and poorly formed vasculature leads to the development of necrotic 

regions where oxygen and nutrient delivery are inadequate to meet tumor cell demand (4).  

Tumor necrosis is commonly present in aggressive, high-grade tumors, including prostate 

cancers, and correlates with negative patient outcomes and with resistance to radiation and 

chemotherapy (42,43).  Given that macropinosomes range from 0.2 to 5 μM in diameter (11), 

we reasoned that necrotic cell debris may be small enough to enter cells via macropinocytosis.  

If so, cellular corpses could be a rich source of both proteins and lipids that could fuel growth in 

macropinocytic prostate cancer cells.  Live or apoptotic cells would like be too large to enter 

prostate cancer cells via macropinocytosis, although secondary necrosis may produce  

fragments of apoptotic cells small enough to be incorporated into macropinosomes. 

 

To determine whether cellular corpses could enter prostate cancer cells via macropinocytosis, 

murine hematopoetic FL5.12 cells were labeled with the fluorescent dye carboxyfluorescein 

succinimidyl ester (CFSE) and then killed using several different protocols.  FL5.12 cells were 

ideal for these studies because purely apoptotic death is rapidly induced upon withdrawal of the 

cytokine IL-3 (44).  The use of growth factor withdrawal to induce apoptosis avoids the need to 

remove a cytotoxic drug before supplying the corpses to prostate cancer cells in 

macropinocytosis assays.  Because FL5.12 cells grown in high concentrations of IL-3 are highly 

anabolic (doubling time 12 h), a necrotic cell preparation is readily prepared by restricting cells 

for nutrients and IL-3 simultaneously.  Apoptotic cells can be recognized by the exposure of 

phosphatidyl serine on the exofacial leaflet of the plasma membrane providing a binding site for 

Annexin V (45).  As shown in Figure 5A, FL5.12 cells subjected to IL-3 withdrawal are intact, 

CFSE-positive, exhibit apoptotic morphology, and are universally Annexin V-positive.  In 
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contrast, FL5.12 cells subjected to IL-3 withdrawal and nutrient stress die necrotically and 

fragment but retain CFSE-positivity.  As predicted based on the size of cells or corpses, both 

mPCE and DU145 cells engulfed necrotic cellular corpses but not apoptotic or live FL5.12 cells 

(Figure 5B).  Importantly, uptake of necrotic corpses by prostate cancer cells was completely 

EIPA-dependent indicating that it occurs via macropinocytosis.  The selective uptake of necrotic 

corpses by prostate cancer cells clearly differentiates the macropinocytic uptake of cell corpses 

from efferocytosis (phagocytosis of apoptotic cells) (46) or oncosis (engulfment of a viable cell 

by cancer cells) (47) and is consistent with the non-specific nature of macropinocytosis.   

 

Whether necrotic debris take up via macropinocytosis could drive prostate cancer cell 

proliferation in low nutrient medium was next assessed.  Because macropinocytosis in prostate 

cancer cells did not depend on glucose depletion (Figure 3A), only amino acids were withdrawn 

to allow maximal macropinocytosis-driven proliferation.  Even in the absence of necrotic cell 

debris, mPCE, PC3, and DU145 cells all survived amino acid deprivation as cell numbers did 

not drop below baseline (Figure 5C).  However, DU145 and PC3 cells failed to proliferate under 

these culture conditions and mPCE proliferation was dramatically reduced (cell numbers in 

parallel mPCE cultures in complete medium increase >70-fold in the same time frame).  The 

addition of cellular corpses to nutrient-deprived prostate cancer cells significantly stimulated 

proliferation in all three cell lines (Figure 5C).  Consistent with its ability to block 

macropinocytosis (Figure 3C), PTEN reconstitution eliminated the ability of necrotic debris to 

drive proliferation in low nutrients (Figure 5D).  These results demonstrate that PTEN-deficient 

prostate cancer cells can use macropinocytosis to convert necrotic cellular corpses into biomass 

and/or fuel to support proliferation.  

 

Cell corpses consumed by macropinocytosis are used to build biomass.  In cancer cells 

with activating mutations in Ras, proteins taken up by macropinocytosis are broken down into 
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amino acids, restoring mTORC1 signaling following amino acid deprivation (7).  Prostate cancer 

cells were also able to use macropinocytosis to produce amino acids that restore mTORC1 

signaling under amino acid limitation (Figure 6A).  As expected, shifting mPCE cells to amino 

acid-deficient medium reduced phosphorylation of p70S6 kinase at Thr389, an mTORC1-

dependent phosphorylation site (48) (Figure 6A).  Over time, mTORC1 signaling was partially 

restored by macropinocytosis as the recovery of Thr389 phosphorylation was prevented by 

EIPA.  These results suggest that macropinosome degradation produces amino acids that can 

fuel protein synthesis in nutrient-restricted prostate cancer cells. 

 

To directly test whether necrotic debris consumed via macropinocytosis is broken down into 

amino acids that are used to build biomass, we developed a novel isotopic labeling strategy to 

follow the amino acids present in necrotic cell proteins into the prostate cancer cell proteome.  

FL5.12 cells were grown in 13C6/
15N4 lysine- and arginine-containing stable isotope labeling with 

amino acids in cell culture (SILAC) medium for more than 10 generations (Figure 6B) (49); 

complete labeling was confirmed by MS.  Heavy-labelled FL5.12 cells were then killed and the 

necrotic debris fed to prostate cancer cells maintained in either complete or low-nutrient culture 

medium containing unlabeled amino acids and standard fetal bovine serum.  Using this strategy, 

a population of newly synthesized, partially labeled proteins will be produced by prostate cancer 

cells if heavy amino acids from the necrotic debris and unlabeled amino acids from the culture 

medium are used for protein synthesis (Figure 6B).  These proteins can be detected by 

digesting proteins with the LysC protease that cuts only after lysine rather than after both lysine 

and arginine as does trypsin.  LysC digestion will generate peptides that contain both lysine and 

arginine and could therefore be partially labeled.  Newly synthesized proteins containing labeled 

amino acids obtained via macropinocytosis can also be distinguished as heavy-labeled, human 

specific peptides.  Both methods for calculating the contribution of macropinocytosed heavy-

labeled cell corpses to prostate cancer cell biomass produced similar results.  In amino acid 
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deficient medium, at least 11-12% of proteins and as much as 52-62% of prostate cancer cell 

protein biomass was derived from macropinocytosed cell corpses (Figure 6C).  In complete 

medium where extracellular amino acids were much more abundant, between 1.5% and 12-

15% of the protein biomass was derived from macropinocytosed cell corpses.  This isotopic 

labeling experiment conclusively demonstrates that macropinocytosed cellular corpses 

contribute to prostate cancer biomass and established that the fraction of the prostate cancer 

proteome that is derived from macropinocytosed material is increased under low-nutrient 

conditions.      

 

Cellular corpses are rich sources of other building blocks in addition to proteins.  In particular, 

lipids and cholesterol are key drivers of prostate cancer growth (50,51).  Thus, the membrane 

component of necrotic debris could also contribute to lipid pools in nutrient-stressed 

macropinocytic prostate cancer cells.  Fatty acids and cholesterol are stored in lipid droplets, 

and depletion of these lipid pools suppresses prostate cancer proliferation (50–52).  Lysosomal 

degradation of lipid droplets increases in response to amino acid or glucose depletion as 

triglycerides in these droplets are utilized to fuel mitochondrial metabolism (52–54).  Using label-

free Coherent Anti-stokes Raman Spectroscopy (CARS) (50,55), lipid droplet content declined 

significantly in glucose- and amino acid-restricted prostate cancer cells as expected (Figure 6D).  

Supplying nutrient-limited prostate cancer cells with necrotic cell debris completely restored lipid 

droplet content.  As EIPA did not interfere with LDL uptake (Supplemental Figure 2B), the 

decrease in lipid accumulation upon EIPA addition stemmed from the block in the 

macropinocytic uptake of necrotic cell debris.  The EIPA-sensitive restoration of lipid stores by 

supplementation with necrotic cell corpses suggests that prostate cancer cells can utilize 

macropinocytosis to acquire lipids as well as proteins. 
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Prostate cancer cells exhibit macropinocytosis under physiologic conditions.  Culturing 

primary tumor cells in 3D matrices in the presence of cytokines and growth factors recapitulates 

physiological growth conditions better than 2D cell culture systems and can alter the metabolic 

profile and phenotype of cancer cells (56–58).  Moreover, non-transformed primary cells that 

cannot be grown under standard 2D culture conditions can be propagated as organoids in 3D 

systems (59,60).  To assess whether prostate epithelial cells perform macropinocytosis under 

more physiologic conditions, we evaluated dextran uptake in prostate organoids derived from 

wild type C57BL/6 mice and from PTENflox/flox;tp53flox/flox;PB-Cre4 mice that develop 

autochthonous prostate tumors.  PTEN-deficient prostate cancer organoids but not PTEN-

replete normal prostate epithelial organoids exhibited EIPA-sensitive macropinocytosis in 

standard 3D culture medium (Figure 7A).  Primary, metastatic tumor cells from CRPC patients 

can also be propagated in 3D culture where they form tumor organoids that exhibit histological 

features that mimic the original patient tumor (61).  One such patient sample deficient in both 

PTEN and p53, MSK-PCa1, also exhibited constitutive macropinocytosis in 3D culture (Figure 

7B).  Patient-derived prostate cancer xenografts (PDX) were also evaluated in situ.  

Subcutaneous PTEN and p53 deficient PDX tumors (Jackson Laboratory PDX model TM00298) 

also exhibited EIPA-sensitive dextran uptake following intratumoral injection of dextran (Figure 

7C).  Similarly, autochthonous tumors in Pten flox/flox;tp53flox/flox;PB-Cre4 (pDKO) mice exhibited 

robust macropinocytosis of intravenously delivered 70 kD FITC-Ficoll; uptake was again EIPA-

sensitive (Figure 7D).  Thus, PTEN-deficient prostate cancer cells exhibit robust 

macropinocytosis under physiologic conditions. 

 

To evaluate whether prostate tumors rely on macropinocytosis for growth, C57BL/6 mice 

bearing subcutaneous prostate cancer isografts were treated with subcutaneous injections of 

vehicle (1% DMSO in PBS) or 7.5 mg/kg EIPA every other day for 4 wk.  Administration of EIPA 

inhibited mPCE isograft growth consistent with a role for macropinocytosis in driving prostate 
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tumor growth in vivo (Figure 7E, ongoing).  While all prostate tumor cells evaluated exhibited 

macropinocytosis, published studies indicate that the growth of a non-macropinocytic pancreatic 

cancer cell line is not affected by EIPA (6).  Taken together, these results in cell lines, organoid 

cultures, and mouse models support the conclusion that prostate cancers use macropinocytosis 

to acquire extracellular nutrients to fuel growth and proliferation both in vitro and in vivo.   
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DISCUSSION 

This study demonstrated that PI3K pathway activated by PTEN mutation or deletion in the 

context of AMPK activation allows prostate cancer cells to consume extracellular materials by 

macropinocytosis to build protein and lipid biomass needed for proliferation (Figure 8).  The 

importance of macropinocytosis as a nutrient acquisition strategy and its ability to fuel tumor cell 

growth in low-nutrient conditions is established for Ras-driven cancers (6,7).  While Ras induces 

macropinosome formation downstream of PI 3-kinase, whether PI 3-kinase pathway activation 

in PTEN-deficient tumor cells would be sufficient to drive macropinocytosis remained untested.  

Our observation that macropinocytosis is constitutive in PTEN-deficient prostate cancer cells 

growing in 2D, as organoids, patient-derived xenografts, or as autochthonous tumors 

demonstrates that macropinocytosis can drive growth in tumor classes not generally associated 

with Ras mutations.  In addition to prostate cancers, glioblastomas and lung, breast, and 

endometrial cancers often carry inactivating mutations or deletions in PTEN (15–26).  Indeed, 

the majority of human tumors will have either an activating mutation in Ras or an inactivating 

mutation in PTEN (62–64).  Thus, the studies reported here dramatically extend the potential 

applicability of metabolic therapies targeting macropinocytosis beyond the scope previously 

appreciated. 

 

The observation that PTEN knockdown is not sufficient to stimulate macropinocytosis in amino 

acid-deprived MEFs (7) is readily explained by our finding that AMPK activation is essential for 

macropinocytosis in PTEN-deficient cells (Figure 2, 3, and Supplemental Figure 1).  The critical 

role of AMPK in macropinocytosis is perhaps not surprising given published studies 

demonstrating that AMPK activation is essential for the entry of viruses such as Ebola and 

vaccinia that induce macropinocytosis to gain access to target cells (34,35).  Interestingly, 

AMPK also promotes phagocytosis and efferocytosis in macrophages and neutrophils (65) 

suggesting that phosphorylation of an AMPK substrate is important for membrane remodeling 
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events that are shared between these processes.  While a direct molecular connection between 

AMPK and Rac1 has not yet been established, multiple studies indicate that AMPK activity 

promotes Rac1 activation (65,66).  Alternatively, AMPK regulates the localization of PI 3-kinase 

to the plasma membrane in neurons (67) and thus may stimulate macropinocytosis upstream of 

Rac1 through effects on PI 3-kinase trafficking.  Uncovering the molecular mechanism by which 

AMPK regulates Rac1-driven macropinosome formation could identify elusive highly selective 

regulators of macropinocytosis.  Given that all currently available macropinocytosis inhibitors 

also affect other processes, characterization of the pathway by which AMPK regulates 

macropinocytosis could identify genetic strategies to clarify the role of macropinocytosis in 

tumor growth in vivo or help to identify chemical macropinocytosis inhibitors with fewer off-target 

effects. 

 

As macropinocytosis is constitutive but AMPK dependent in prostate cancer cells, metabolic 

stress associated with bearing multiple oncogenic mutations likely leads to AMPK activation in 

the absence of nutrient deprivation (68).  However, the observation that AMPK activators 

stimulate macropinocytosis under some conditions (Figure 2C) raises the possibility that AMPK 

activators currently in clinical trials such as metformin and phenformin could actually confer a 

survival advantage on tumor cells in poorly perfused tumor regions.  While AMPK activators 

such as metformin or AICAR can have anti-neoplastic activity in animal models (69,70), AMPK 

activation also promotes tumor survival by helping cells manage metabolic stresses, such as 

hypoxia and nutrient deprivation (68,70–72).  In this role, AMPK is widely viewed as an enforcer 

of quiescence, triggering proliferative arrest and inducing catabolic processes such as 

autophagy which suppressing anabolic pathways that consume ATP (73).  The observation that 

AMPK activation dramatically increases proliferation in nutrient-deprived PTEN-deficient MEFs 

(Figure 2A) runs counter to this prevailing view.  AMPK activation also increases colorectal 

cancer cell proliferation exclusively in the absence of glucose (74) and has a tumor-promoting 
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role in myeloid leukemia (75).  This concept of AMPK as a tumor promoter is similar to the 

finding that rapamycin can promote Ras-mutant tumor cell proliferation near the tumor core by 

promoting fusion of macropinosomes and lysosomes (7).  Fusion between macropinosomes 

and lysosomes appeared to be quite efficient in PTEN-deficient prostate cancer cells (Figures 

1B and Supplemental Figure 1D) suggesting that there may be differences in how these two 

oncogenic mutations affect lysosomal function.  In summary, these work reported here suggest 

that more selective inhibitors of AMPK should be developed and tested for anti-neoplastic 

activity in established tumors with particular attention to tumors that exhibit necrosis.   

 

Macropinocytosis inhibition may be most valuable in combination with other therapeutics.  

Macropinocytosis provides a bypass system that could rescue tumor cells not just from 

extracellular nutrient limitation, but also from metabolic therapies.  While autophagy provides 

nutrients from internal sources and therefore does not allow cells to build biomass, 

macropinocytosis affords access to exogenous nutrients permitting tumor cell growth under 

nutrient stress.  Thus, inhibiting macropinocytosis may have a greater impact on tumor growth 

than autophagy inhibition.  As several studies have suggested that chloroquine limits tumor 

growth in an autophagy-independent manner (76–78), it is possible that a fraction of the tumor 

suppressive actions of this lysosomal degradation inhibitor stem from its ability to block 

macropinosome degradation.  Whether a tumor cell is located near a region of necrosis, an 

abundant source of proteins and lipids for a macropinocytic tumor cell, may also contribute to 

the heterogenous response of tumors to therapy.  The ability of macropinocytosis to sensitize 

tumor cells to other therapies has yet to be evaluated. 

 

Histologic detection of tumor necrosis is a negative prognostic indicator that is correlated with 

recurrence and metastatic disease in multiple solid tumors, including prostate cancer (79–81) 

(82).  Our observations that necrotic cell corpses are a rich source of proteins and lipids capable 
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of driving tumor cell growth (Figure 5C and 6) may partially explain this correlation.  While our 

study was confined to PTEN-deficient prostate cancer cells, it is very likely that Ras-driven 

macropinocytosis also facilitates the conversion of necrotic cell debris to biomass and fuel for 

proliferation; necrosis is present in >60% of pancreatic cancers and correlates closely with a 

poor prognosis (81).  A non-mutually exclusive mechanism by which necrosis may enhance 

tumor growth is its ability to induce immune cells to release cytokines that stimulate nearby 

tumor cells to proliferate (83).  It is possible that these necrotic corpses simultaneously serve as 

a key fuel source for the cytokine-driven growth of macropinocytic tumor cells.  As the 

correlation between inflammatory markers and necrosis is imperfect (42), in some tumors 

necrosis may promote cancer cell anabolism primarily by providing metabolic substrates rather 

than by stimulating a pro-tumorigenic immune response.  A deeper understanding of the 

importance of macropinocytic consumption of cell corpses in vivo awaits the development of 

more specific chemical and genetic tools, but the studies reported here establish a new link 

between cancer metabolism and the tumor microenvironment.  

 

Castration-resistant prostate cancer is an invariably lethal disease despite the introduction of 

new agents such as enzalutamide and abiraterone acetate; chemotherapy with docetaxel also 

affords little clinical benefit and carries significant toxicity concerns (84,85).  Our results with 

EIPA (Figure 7E) suggest that inhibiting macropinocytosis could provide a new metabolic 

strategy for inhibiting CRPC growth.  Macropinocytosis inhibition may also work synergistically 

with inhibitors of androgen signaling.  Androgen deprivation therapy kills tumor cells, but leads 

to the emergence of castration-resistant disease.  As CRPC is frequently PTEN-deficient, CRPC 

cells may survive in part off the corpses of their deceased, androgen-dependent brethren.  

Similarly, cell death resulting from chemotherapy or radiation therapy may actually increase the 

nutrient pool available to the surviving tumor cells.   The dependence of prostate tumor cells on 

macropinocytosis may also partially explain the effectiveness of the synthetic sphingolipid SH-
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BC-893 in prostate cancer models (28).  SH-BC-893 does not block macropinosome formation 

but rather blocks their degradation by preventing macropinosome fusion with lysosomes.  It is 

interesting to consider the possibility that blocking macropinosome degradation rather than 

macropinosome formation may kill macropinocytic cancers by inducing a form of cell death 

labeled methuosis characterized by the massive accumulation of macropinosomes (86).  In the 

interim, agents with multifaceted effects such as EIPA and SH-BC-893 can be employed to 

inhibit macropinocytosis induction or completion.   
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MATERIALS AND METHODS 

Cell culture.  mPCE cells generated from p53-/- PTEN-/- mouse prostate tissue were maintained 

in DMEM with 10% FBS, 25 µg/ml bovine pituitary extract, 5 µg/ml bovine insulin and 6 ng/ml 

recombinant human epidermal growth factor.  FL5.12 cells were maintained in RPMI 1640 

medium supplemented with 10% fetal calf serum (FCS), 10 mM HEPES, 55 µM 2-

mercaptoethanol, antibiotics, 2 mM L-glutamine, and 500 pg/ml rIL-3.  Necrotic debris of FL5.12 

cells were generated by placing them in FL5.12 media without IL-3 for 72 h.  DU145 and MEF 

cells were cultured in DMEM with 4.5 g/L glucose and L-glutamine.  PC3 cells were cultured in 

Ham’s F12K media.  RWPE-1 and LNCaP cells were cultured in RPMI media (ATTC).  All 

media were supplemented with 10% FCS and antibiotics.  Cell viability was measured by vital 

dye exclusion using either propidium iodide or DAPI at 1 μg/ml.   

 

Light Microscopy. Confocal microscopy was performed on a Nikon Eclipse Ti spinning disk 

confocal microscope.  Macropinocytosis was measured after 16 h incubation in 1% amino acids 

and glucose media and then treatment with macropinocytosis inhibitor 5-(N-ethyl-N-isopropyl) 

amiloride (EIPA, 50-75 μM) for 1 h.  Oregon Green dextran (Life Technologies, cat# D7173) (1 

mg/mL) and Lysotracker Red (Life Technologies, cat# L-7525) (1:2,000 dilution) were added for 

30 min and live cells were evaluated on the spinning disc confocal microscope.  For Dil-LDL 

uptake, mPCE and DU145 cells were incubated in media with 10% charcoal-stripped serum for 

24 h then incubated with 20 µg/ml Dil-LDL (Life Technologies, cat# L3482) +/- EIPA for 2 h.      

mPCE isograft and JAX PDX tumors were intratumorally injected with 2 mg Oregon Green 

dextran dissolved in 1% Evan’s Blue Dye 1 h after vehicle or 10 mg/kg Intraperitoneal EIPA 

injection.  p53-/-; PTEN-/- PDKO prostate tumors were intravenously injected with 250 mg/kg 

FITC-Ficoll dissolved in 1% Evan’s Blue Dye 1 h after vehicle or 10 mg/kg Intraperitoneal EIPA 

injection.  Tumors were excised after 0.5-1 h and sections that were blue from Evan’s Blue Dye 

were frozen in OCT cryomold.  Cryosectioned tumor slices were fixed in 4% paraformaldehyde 

106



and probed for LAMP1 (Cell Signaling, cat # 9091P).  Tumor samples were processed by the 

Pathology Research Services Core Facility at UC Irvine.  

 

In vivo studies. Experiments conducted in mice were performed in accordance with the 

Institutional Animal Care and Use Committee of University of California, Irvine following a power 

analysis conducted in consultation with the Biostatistics Shared Resource of Chao Family 

Comprehensive Cancer Center at UCI.  Prostate isografts were produced by injecting 5 million 

mPCE cells subcutaneously in the flank of male 6-8 wk old C57BL/6 mice.  Once tumors 

reached 100 mm3, 7.5 mg/kg EIPA was administered by subcutaneous injection.  Tumor volume 

was calculated using the formula, volume (mm3) = length [mm] x (width [mm])2 x 0.52; To 

generate pDKO mice on the C57BL6 background, Ptenflox mice (stock No. 0045597) and p53flox 

mice (stock No. 008462) were obtained from the Jackson Laboratory and PB-Cre4 mice (strain 

#01XF5) were obtained from the NCI-Frederick Mouse Repository.  Age-matched cohorts of 

pDKO males were generated by in vitro fertilization executed with the assistance of the 

Transgenic Mouse Facility at UC Irvine.  C57BL/6 mice bearing CRPC PDX TM00298 were 

purchased from the Jackson Laboratory. 

 

Stable isotope labeling with amino acids in cell culture (SILAC). FL5.12 cells were 

incubated in SILAC media containing “heavy” 13C- or 15N-labeled arginine and lysine for XX 

days.  FL5.12 cells were killed by IL-3 withdrawal and debris from 100 million FL5.12 cells were 

pelleted and fed to prostate cancer cells.  After 4-6 doublings, prostate cells were washed and 

harvested lysates were digested with Trypsin or Lys-C.  Relative abundance of heavy, light, and 

medium labelled peptides were identified by mass spectrometry.  Median values of distributions 

were used to calculate minimum and maximum estimation of newly synthesized medium-

labelled protein biomass. 
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Coherent anti-Stokes Raman Spectroscopy (CARS).  The CARS imaging system is 

described in detail in (cite).  Cells were fixed with 4% formaldehyde and imaged with a 60X 

water objective. The laser power on the sample was at 10 mW with 10 ms pixel dwell time.  The 

lipid droplet area was estimated from CARS images using a customized Matlab program.  Four 

components Otsu thresholding method was used to separate the lipid droplets, cell cytoplasm, 

cell nucleus and the background. The lipid droplet area was defined as the number of pixels 

covered by lipid droplets over the number of pixels covered by cytoplasm.   

 

Statistical methods and data analysis. Significance was determined using a paired t-test to 

compare experimental groups to controls as indicated. *, P <0.05; **, P <0.01; ***, P <0.001; 

n.s., not significant (P >0.05).  For lipid droplet area in CARS experiments, the mean values 

between the control and experiment groups were compared with a two-tailed ANOVA.  
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Sphingolipid compounds are broadly effective because they target a cancer phenotype 

not an oncogene. 

Enzymes that play crucial roles in metabolic reprogramming are tractable drug targets, but 

tumor heterogeneity may limit the effectiveness of these therapies.  Enzymatic inhibitors may 

enrich pre-existing cancer cells that rely on a different anabolic pathway or cause cancer cells to 

up-regulate alternative, compensatory pathways (1,2).  Making nutrients scarce to anabolic 

enzymes could circumvent these resistance mechanisms.  The sphingolipid-based compound 

SH-BC-893 effectively limits access to multiple nutrients simultaneously by down-regulating 

surface nutrient transporters and LDL-receptors and by blocking lysosomal degradation of 

macropinosomes and autophagosomes (Chapter 1 Figure 9).  Regardless of which particular 

oncogenic mutation is present, all cancer cells need glucose and amino acids to build biomass 

for proliferation.  SH-BC-893’s ability to simultaneously block multiple nutrient acquisition 

pathways therefore blocks cancer anabolism in many different cancer classes.   

 

Because SH-BC-893 targets a cancer phenotype—nutrient addiction—rather than a specific 

oncoprotein, it is effective against a broad range of cancer types (3).  Both fast growing and 

glycolytic Ras-driven tumors, as well as slower growing prostate tumors lacking functional PTEN 

or p53, are sensitive to SH-BC-893 (Chapter 1 Figures 2G-I and 8I,J).  The broad activity of SH-

BC-893 may limit the development of resistance in individual, heterogeneous tumors.  In 

addition, reducing nutrient uptake may maintain cancer cells in a more differentiated state as 

evidenced by increased organization and growth arrest in 3D-cultured breast cancer cells upon 

glucose restriction and the delayed tumor progression in SH-BC-893-treated pDKO mice 

(Chapter 1 Figure 8I-J and Supplemental Figure 9) (4).  Limiting access to nutrients may help 

target even the cancer cells that have stemcell-like properties (5,6).  The metabolic state of 

cancer stem cells (CSC) is very complex; while quiescent CSCs rely heavily on oxidative 
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phosphorylation, proliferative CSCs can also upregulate glycolysis (7).  Simultaneously blocking 

both glycolysis and mitochondrial respiration would be necessary to effectively eliminate CSCs. 

SH-BC-893’s ability to block multiple nutrient acquisition pathways may be able to limit 

proliferative CSCs.  Populations of quiescent CSCs that already have high levels of 

mitochondrial respiration may be sensitive to SH-BC-893 because they are unable to further 

increase oxidative phosphorylation.  It will be important to clarify whether any tumor subsets or 

genetic markers correlate with innate resistance to SH-BC-893 and to identify potential 

mechanisms for acquired resistance.   

 

As the SH-BC-893-induced block in nutrient acquisition pathways required PP2A activation 

(Chapter 1, Figure 5), loss of PP2A may be one of the mechanisms by which cancer cells 

acquire resistance to SH-BC-893.   Cancers cells may inactivate PP2A through mutation or 

deletion of scaffold (A) and regulatory (B) subunits which would disrupt PP2A holoenzyme 

formation and function (8,9).  PP2A may also be inactivated at the catalytic subunit (C) by the 

phosphorylation and/or methylation of the C-terminal tail or through increased expression of 

endogenous PP2A inhibitors.  However, since PP2A, together with PP1, is responsible for the 

majority of serine/threonine dephosphorylation, cells may not be able to survive with complete 

loss of PP2A activity (9). Indeed, chemical PP2A inhibitors are quite toxic and most of the PP2A 

mutations found in clinical specimens generally involve only a single allele and reduce rather 

than eliminate activity (8). SH-BC-893’s parent compound FTY720 was shown to be effective 

even in cell lines with reduced expression of A subunits of PP2A by down-regulating PP2A 

inhibitor SET, up-regulating A subunits of PP2A and de-phosphorylating PP2A C subunits (9).   

 

Therefore, it is more likely that the acquired resistance to SH-BC-893 would arise from 

pathways downstream of PP2A.  An example of this would be a gain-of-function in PIKfyve 

complex that prevents its recruitment to the MVB in a PP2A-sensitive manner (Chapter 1 Figure 
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4B) or loss of function mutations in the enzymes that degrade PI(3,5)P2 (10,11).   PIKfyve is 

activated by Akt-dependent phosphorylation of Ser318 (12).  Consistent with the observation 

that PIKfyve kinase activity was not altered (Chapter 1 Figure 4A), the ability of an antibody 

recognizing phosphorylated Akt substrates to detect immunoprecipitated PIKfyve was not 

affected by SH-BC-893 (data not shown), and Akt inhibitors did not induce vacuolation (data not 

shown).  AMPK has also been reported to phosphorylate PIKfyve (13); the AMPK inhibitor 

compound c also did not trigger vacuolation (data not shown).  The phosphorylation site 

regulating PIKfyve localization could be in PIKfyve, another member of the complex, or in a 

protein outside of the complex that modulates PIKfyve membrane association.  Over-expression 

of Vac14 reduced SH-BC-893-induced vacuolation and conferred partial resistance to SH-BC-

893 (Chapter 1 Figure 7).  We speculate that Vac14 over-expression likely restores some 

PIKfyve complex to the multivesicular membranes near its effector protein TRPML1.   

 

Compensatory upregulation of metabolic pathways not inhibited by SH-BC-893 may also confer 

resistance.  Since SH-BC-893 limits but does not completely blocks all nutrient acquisition, 

normal cells resist SH-BC-893-induced nutrient stress by increasing oxidative phosphorylation 

to more efficiently generate ATP.  Fatty acid oxidation may also be providing substrates needed 

to increase oxidative phosphorylation in normal cells as fatty acids can likely enter cells without 

a transporter (14,15).  If this is the case, cancer cells that can increase fatty oxidation may be 

able to adapt to SH-BC-893-induced nutrient stress and become resistant. Identifying  

biomarkers that correlate with sensitivity and resistance to SH-BC-893 will be an important goal 

if SH-BC-893 advances to clinical trials.         

 

Sphingolipid-based therapies are effective and selective. 
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Ras is a difficult drug target (16).  Directly targeting Ras by inhibiting its processing or 

localization or reducing its expression by antisense oligonucleotides has not been very 

successful in clinical trials (17).  Small molecule inhibitors of kinases downstream of Ras such 

as MEK and ERK are more promising but have shown little clinical benefit as single agents (18).  

SH-BC-893 blocks all Ras-driven fuel acquisition pathways: membrane transporters, 

macropinocytosis, and autophagy (19) (Chapter 1 Figure 9).  Ras activation was sufficient to 

sensitize MEFs to SH-BC-893, consistent with the model that Ras-driven cells rely heavily on 

these nutrient access pathways (Chapter 1 Figures 2D,E).  SH-BC-893 may improve 

therapeutic efficacy of inhibitors of Ras signaling pathway such as the FDA-approved MEK 

inhibitor trametinib.  However, it would be important to consider that inhibiting growth signals 

may make cells more resistant to SH-BC-893 by slowing down anabolic processes and thereby 

decreasing bioenergetic demand.  Careful analysis of the metabolic state of cancers would be 

necessary to develop potential combination therapy involving SH-BC-893.  SH-BC-893 is also 

effective against PTEN-deficient prostate cancer cells that are metabolically distinct from Ras-

driven cancer cells (Chapter 1 Figures 8I,J).  This may be because SH-BC-893 also reduces 

LDL uptake that fuels prostate tumor proliferation.  Interestingly, compounds that slow 

proliferation and anabolism do not protect cancer cells from SH-BC-893.  Rather mTORC1 

inhibitor rapamycin protects normal cells and sensitizes cancer cells to SH-BC-893 (data not 

shown).  These results suggest that a carefully designed combination therapy may be able to 

decrease toxicity and increase efficacy of sphingolipid-based therapies. 

 

Importantly, at doses that inhibit tumor growth, SH-BC-893 had minimal toxicity to normally 

proliferating cells as evidenced by normal organ function, hematopoiesis and intestinal crypt 

histology (Chapter 1 Supplemental Figure 8E, Supplemental Table 1 and 2).  This suggests that 

SH-BC-893 would have an acceptable therapeutic index.  Non-transformed cells are likely to 

experience less metabolic stress and have more metabolic flexibility to adapt to nutrient stress 
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as they lack oncogenic mutations that drive anabolism and decrease autophagic capacity.  

Consistent with this hypothesis, expression of KRASG12D or loss of PTEN prevented MEFs 

from increasing oxidative phosphorylation in an adaptive response to SH-BC-893 (Chapter 1 

Figure 2D and Supplemental Figure 2A).  Water-soluble and orally bioavailable sphingolipid 

drugs like SH-BC-893 could provide a new approach to safely target the metabolic changes that 

drive tumor growth and progression independent of a tumor’s mutational landscape.  Although 

optimization of pharmacological properties, formulation, dose, and schedule of administration is 

warranted, SH-BC-893’s effectiveness and selectivity against broad range of tumor classes in 

these preclinical studies makes it a promising anti-cancer therapy.   

 

SH-BC-893 has potential to be used as a calorie restriction mimetic to reduce obesity. 

Although the overall health of the mice that were treated with SH-BC-893 was not compromised, 

these mice did not gain as much weight as vehicle-treated animals (Chapter 1 Supplemental 

Figure 8D).  Since SH-BC-893 simultaneously blocks multiple nutrient acquisition pathways but 

is not toxic to normal cells, it is possible SH-BC-893 could be used as a calorie restriction 

mimetic.  Treatment of SH-BC-893 is probably more similar to intermittent rather than 

continuous calorie restriction as SH-BC-893 levels peak and trough off.   Intermittent fasting is 

shown to be beneficial to patient undergoing chemotherapy and may reduce risk of chronic 

degenerative and inflammatory diseases (20–22). More extensive examination of normally 

proliferating cells in vivo would be required, but lowering doses and reducing the frequency of 

treatment may be helpful in reducing toxicity.  In yeast, the transcriptional response to 

starvation, phytosphingosine, and FTY720 treatment are very similar (23).  Investigating the 

long-term effect of SH-BC-893 treatment on insulin and insulin-like growth factor (IGF) will 

elucidate further whether SH-BC-893 can be used as a safe way to mimic calorie restriction or 

intermittent fasting. 
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Prostate cancers can use macropinocytosis to fuel growth even in nutrient-replete 

conditions.  

The ability of Ras-driven pancreatic cancer cells to use macropinocytosis is well characterized 

in the literature (24,25).  Ras activates PI 3-kinase whose activity at the plasma membrane is 

required for macropinocytic membrane ruffling, and PI 3-kinase inhibitors block 

macropinocytosis (26).  Given these findings and the various cancer classes that have PI 3-

kinase mutations or PTEN loss, it is surprising that macropinocytosis has not been detected in 

cells other than Ras-driven cancer cells.  We have demonstrated that PTEN-null prostate 

cancer cells have constitutively high levels of macropinocytosis and that nutrients taken in by 

macropinocytosis are used to build protein and lipid biomass needed for proliferation (Chapter 2 

Figures 6 and 7). 

Previous studies on Ras-driven pancreatic cancer cells showed that these cells take up albumin 

via macropinocytosis in amino acid-depleted conditions (24,25).  However, whether nutrient 

acquisition via macropinocytosis contributes to building biomass in nutrient-rich environments 

was unclear.  We have demonstrated that PTEN-deficient cancers rely on macropinocytosis 

even in nutrient-replete conditions (Chapter 2 Figures 3A and 6C) albeit to a lesser degree.  

This suggests that inhibiting macropinocytosis would be effective against both starving and non-

starving tumors. 

The difference in the stimulation and regulation of macropinocytosis in Ras-driven prostate 

cancers and PTEN-deficient prostate requires further investigation.  The Rac1 inhibitor EHT-

1864 inhibited the macropinocytic uptake of dextran in PTEN-deficient cells (Chapter 2 

Supplemental Figure 1F).   This suggests that, like Ras activation, PTEN loss activates Rac1.  

Since loss of PTEN phosphatase function leads to increased PI3K/AKT/mTOR signaling 

pathway activity, it is likely that PTEN loss activates Rac1 through the same signaling cascade 

activated by Ras.  PTEN also has both phosphatase-independent roles such as promoting 
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chromosome stability and DNA repair (27).  However, as PTEN phosphatase inhibitor induces 

and PI3K inhibitors block macropinocytosis (Chapter 2 Supplemental Figure 1A,B), it is unlikely 

that phosphatase-independent functions of PTEN play a role in stimulating macropinocytosis. 

 

AMPK activity contributes to macropinocytic uptake of nutrients. 

Tumor cells exhibit “non-oncogene addictions” or dependence on genes and pathways that do 

not undergo mutations or genomic alterations but are essential to support the oncogenic 

phenotype of cancer cells (28).  AMPK inhibits anabolic metabolism and is generally considered 

a tumor suppressor.  However, AMPK is a key enzyme that helps cells cope with cellular stress 

such as starvation and hypoxia.  In order to survive and proliferate successfully, cancer cells 

need to deal with these stress factors.  Our findings suggest prostate cancer cells rely on AMPK 

activity for macropinocytosis.  This suggests that AMPK may represent a non-oncogene 

addiction in some cancer cells. 

PTEN-deficient MEFs increase macropinocytic uptake when AMPK is activated either by 

glucose deprivation or by treatment with an AMPK activator (Chapter 2 Figures 1B and 2C).  

Prostate cancer cells likely have constitutively high AMPK activity that allows them to have high 

levels of macropinocytosis even in full nutrient conditions (Chapter 2 Figure 3A).  These findings 

are consistent with previous studies that have implicated AMPK to be regulating phagocytosis 

and macropinocytosis.  For instance, the ability of neutrophils or macrophages to ingest bacteria 

is increased by AMPK activation (29).  Macrophages from diabetic mice have low AMPK activity 

and macropinocytosis, and activation of AMPK with leptin or 5-aminoimidazole-4-carboxamide-

1-β-riboside (AICAR) increased macropinocytosis in these cells (30).  Mouse embryonic 

fibroblasts lacking the AMPKα1 and AMPKα2 catalytic subunits have decreased macropinocytic 

uptake of viral particles (31,32).  Our findings have elucidated that AMPK activation is 
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necessary but not sufficient to stimulate macropinocytosis.  Thus, it should be considered that 

therapies that increase AMPK activity may enhance macropinocytosis in tumor cells and protect 

them from metabolic therapies or nutrient stress.     

How AMPK contributes to inducing macropinocytosis in PTEN-deficient cells is an important 

question that merits future investigation.  Our lab’s preliminary data shows that activating AMPK 

is sufficient to induce Rac1 activation at the plasma membrane of PTEN KO MEFs and increase 

membrane ruffling (data not shown).  Additional evidence links AMPK and Rac1.  For instance, 

AMPK inhibition blocks retinoic acid (RA)-induced Rac1 activation and phosphorylation of its 

downstream target, p21-activated kinase (PAK) (33).   Since Rac1 is a small GTPase, AMPK 

activation may be indirectly increasing Rac1 activity by promoting Rac1 guanine nucleotide 

exchange factor (GEF) activity or inhibiting Rac1 GTPase-activating protein (GAP) activity.   

Similar to AMPK-induced rapid translocation of GLUT4 to the plasma membrane, it is also 

possible that AMPK may be promoting Rac1 localization to the plasma membrane (34).  AMPK 

activation may also be increasing Rac1 localization to lipid in plasma membrane which has 

been shown to increase local Rac1-GTP levels (35).   It is also feasible that AMPK and Rac1 

may be direct interactors as suggested by the large-scale affinity purification-mass spectrometry 

study using AMPK-α1 and -β1 subunits (36).  Elucidating how AMPK regulates Rac1 activity will 

contribute to deeper understanding of the link between membrane biology and cellular 

metabolic state. 

 

Necrotic cells may be a nutrient source for surrounding proliferating cancer cells. 

As tumors enlarge, cells that are not sufficiently perfused will inevitably undergo cell death due 

to oxygen and nutrient deprivation (37).  As cells near the periphery that are closer to blood 

vessels continue to proliferate around dying cells, a necrotic center develops (38).  Cellular 
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debris and cytokines released from immune cells attracted to the necrotic center may provide 

nutrients and survival signals to the surrounding proliferating tumor cells.  We have 

demonstrated in this study that PTEN-deficient prostate cancer cells can take up necrotic debris 

via macropinocytosis and build biomass to support growth and proliferation (Chapter 2 Figure 5-

7).  As many types of solid tumors can exhibit, it would be important to investigate what other 

types of cancers can also use macropinocytosis to consume necrotic debris to grow and 

proliferate.  Clearance of dead cells by cancer cells is an exciting and novel finding and 

highlights that necrotic centers may have a previously unappreciated role as a nutrient source 

for cancer cells.  Like cancer-associated fibroblasts, dying or dead tumor cells must be 

considered a crucial part of the tumor supporting microenvironment (39).  This also brings out 

the concern that after suboptimal treatment, some cancer cells that escape therapy may survive 

by feeding off surrounding dead cells.  In such cases, combining macropinocytosis inhibitors 

with chemotherapy or other targeted therapy could be useful.   However, inhibitors that 

selectively block macropinocytosis are not currently available.  We have shown that the 

sphingolipid-derived compound SH-BC-893 inhibits macropinosomes from fusing with 

lysosomes and thereby blocks macropinocytic nutrient acquisition (Chapter 1 Figure 6G).    SH-

BC-893 would block cancer cells’ ability to use necrotic debris as a nutrient source and 

simultaneously inhibit other nutrient acquisition pathways as well.  In conclusion, studies in this 

dissertation have uncovered prostate cancers’ reliance on macropinocytosis and elucidated the 

mechanism by which the synthetic sphingolipid compound SH-BC-893 targets the nutrient 

addiction of prostate and other cancers. 
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